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Abstract 
Adaptation Lo winter was studi d in a small population of the Australian bush rat 
( R attus fuscipes). Four methods were u ed: (i) changes were recorded over 16 
months in a population in the wild; (ii) seasonal changes in organ weights and body 
composition were examin d over two years; ~iii) seasonal changes in body weight or 
a captive population were monitored over three years; and (iv) seasonal chang s in 
act ivity of the captive rats were studied in an artificial environment. 
(i) The live population was studied in an isolated section of wet valley floor, 
which ten ded to restrict the rats' movements and made it possible to obtain a 
portrait of the population by standard ecological techniques. A main trap line 
extended along Lhe valley floor beside a creek and a transect line cross d the valley 
into unfavourable habitat on eith er side . T hese lines were trapped on 8 occasions for 
4 nigh ts each. 
There were never more than three cohorts in the population at any one time. 
Most young were born in mid-summer and became trappable as juveniles in January. 
The survival rate of the young rats was lower than that o[ adults. The size of the 
population did not fluctuate much throughout the year, but turnover was high, 
especially in December in the peak of the breeding season when most of the males 
dispersed. Few males survived more Lhan a year; some females lived [or two years. 
Survival of all age cl asses in win ter was better t han at other seasons. There was little 
immigration or emigration. Th e rats moved about less in winter than in summer. 
(ii ) Changes in organ weigh ts and body composition [ell into Lhree groups. 
(a) Testes, heart, spleen and adrenals declined in weight between summer and 
winter. (b ) llair weight increased gradually from February to a peak in J unc . Carcase 
lipid and brown adipose tissue weight increased very rapidly in late autumn (May). 
(c ) Body , lean carcase and liver weights declin ed from summer to a minimum in 
May, rose rapidly to a minor peak in June and declined again in July and August. 
The changes in lean mass could not be related to diet or food supply. 
The [indings for (b) and ( c) suggest the exislence of tw distinct strategies of 
adaptation to winte r. The first is thermoregulatory: this en tails an increase in the 
capacity of the body to produc heat in winter an some minor improvements in 
energy conservation. The second is related to reducing the need for energy, possibly 
by lowering the food intake required for maint nance of body functions . The 
strategies are not completely independent since, to achieve the rapid yearly increase 
of lipid, a compro mise appears necessary, which briefly reverses the trend in weight 
lo s during a ritical period in May. 
(iii) A captive population wa k pt outside in Canberra. The rats lost weight in 
autumn and winter even when upplied with food ad libitum. This supports 
evidence that lack of food is not the cause of 1v ight loss in the wild. 
(iv) Thes rats, and a populaLion which had been maintained at a constant temper-
ature ( 2 2°C), were ea h placed alone in a residential maze for one week in their first 
winter of captivity and again the following summer. Movements, recorded as visits 
and duration of stay in parts of the maze with food, water or empty spaces, were 
monitored. Bo th groups behaved similarly . In winter the rats restricted movements 
related to patrolling the environment and concentrated activity on visits to food and 
to a smaller ext nt water. It is hypothesised that, in the wild, R. fuscip es restrict 
unrewarded patrolling outside the burrow in winter and concentrate on foraging . 
1 he major findings in the present study, weight lo s and restriction of palrolling 
activity in win tcr, suggest a strategy of energy onservation: that is, if a small body 
size means that les food is required for maintenance, then the rat need spend less 
lll 
bstract 
time patrolling, it conserves energy by rern aming much o[ the Lime in winter in a 
favourable microenvironment, the burrow. The obvious direction for future research 
is to altempl lo analyse the energetics of lhese hypothesised strategies of winter 
survival, though the experience of the present study indicates that this will be a 
difficult task. 
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1 General Introduction 
The topic under study is adaptation to winter and the species concerned is the 
Australian bush rat (Rattus fuscipes WATERHOUSE). Winter adaptation is an 
abstract concept explained and dealt with in Chapter 2. The present problem is to 
place the study within a methodological framework. This is important because the 
context of method explains the idea behind the study. The aim was to treat winter 
adaptation as a definable entity and to examine it in a small population. Hence the 
project was a general survey of winter adaptation and all it entailed including aspects 
of life history, physiology and behaviour; and within a population of rodents in one 
distinct area of the Brindabella Mountains near Canberra, Australian Capital 
Territory . 
As an idea the approach is understandable, but at the level of practical research it 
is too abstract. The experimental material to be presented is of three kinds: (i) a 
study of a live population in the field ( Chapter 3), ( ii) an analysis of seasonal body 
composition (Chapter 4), (iii) a study of seasonal activity in an artificial environ-
ment (Chapter 5 ). Each chapter is complete in itself and contains sections on 
methods, results and discussion. There are many links, however, between the 
experimental chapters . The final chapter provides a brief synthesis of the major 
findings and links them with the idea presented in the first paragraph. 
The remainder of this introduction deals with (i) ideas of others on how science 
or scientific research ought to be carried out and (ii) how the present project fits 
into their scheme of things. The digression is only apparent, because this approach 
helps to reveal the reasons for an abstract background idea and shows that the 
research plan is merely a sensible and practical approach to the problem. 
Two extreme descriptions of a correct scientific method which have had 
popularity are (i) the hypothetico-deductive system and (ii) neutral observation 
followed by a process of inductive reasoning. 
(i) The first is perhaps the more dangerous. Though the hypothetico-deductive 
sy tern of enquiry is accepted by philosophers, as the best account of a formal 
method by which science is carried out, this does not necessarily imply that it is an 
accurate descr-iption of science. 
"It is an essential feature of the scientific method that we should put forward 
theories or hypotheses which are in principle capable of being contradicted by 
observation, and that we should then perform experiments or collect facts to see 
whether they do or do not contradict our theories" (Maynard Smith, 1972:38). 
This statement is a formulation of the "hypothetico-deductive system". The 
y tem begins with the proposal of a hypoth esis, which is then tested deductively. 
The hypothesis is accepted or rejected on the basis of these tests. A refinement of 
the ystem is the concept of "falsifiability", introduced by Popper (1959), that is, 
a hypothesis i trengthened if it re i ts all systematic attempts to fal ify it. 
Re earch projects in e tablished areas of investigation often proceed in the manner 
demanded by .Maynard Smith above, but Lhey do not have to. Maynard Smith does, 
indeed, know better and I have perhap quoted him unfairly, out of context. Never-
theles , the authoritative view given is prevalent and needs to be refuted. On this 
definition of correct procedure, the pre ent investigation is not science, because it 
doe not begin with a hypothesis. 
The present Ludy i an attempt at an original inve tigation, that is, a survey of 
adaptation to winter in a small population, and cannot productively begin with a 
hypothesis . In the hypothetico-deductive system, the generative act is often an 
imaginative leap which produces the hypothesis, but as Ivledawar ( 19 69: 44) explains, 
1 
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"The imagination cannot work in vacuo: there must be something to be imaginative 
about, a background of observation and Baconian experimentation, before the 
exploratory dialogue can begin." Observation and inductive or Baconian experi-
ments, therefore, presumably have a role in the present investigation. But this 
requires more detailed discussion. 
(ii) The other extr.eme description of the scientific method contains both: (a) 
neutral observation and (b) a process of i_nductive reasoning. (a) The study of natural 
history involves mainly observation and description. But the present investigation is 
not merely old-fashioned natural history, nor does it subscribe to the myth of pure 
or detached observation. Such diverse people as Darwin, Kant and Nietzche have 
repudiated neutral observation (see Medawar, 1969: p.11 and 28). An idea in vogue 
in the 1830's was that geologists should only observe and not theorise. Of this idea, 
Charles Darwin in a letter to Henry Fawcett said: "a man might as well go into a 
gravel-pit and count the pebbles and describe the colours." ( cited by Medawar, 
1969: 11). In another letter to H.W. Bates (also cited by Medawar, 1969: 11), 
Darwin wrote: "I have an old belief that a good observer really means a good 
theorist." This is also a very modern idea, which encapsulates the difference between 
observation in the present study and the aim of observation implied for natural 
history (above). 
(b) Inductive or Baconian experiments are the first step beyond observation. 
Experiences of the type: "I wonder what would happen if ... ", are invented or 
contrived (Medawar, 1969). In the hypothetico-deductive scheme, by comparison, 
critical or Galilean experiments are carried out to test a hypothesis. Baconian 
thought or classical inductivism was once thought of as the formal methodology of 
science. But as a formal method it is inadequate because it provides no grasp of 
critical experiments and gives no account of scientific fallibility (Medawar, 1969). 
Medawar does state that most original research begins with Baconian experiments. 
But, he warns that science which remains at a Baconian level fails to develop 
properly . . 
In the present study, an abstract idea was thought to be more useful than a 
preliminary hypothesis, since the research probed a new topic. The basic procedure, 
therefore, was observation ( of the Darwinian type) fallowed by inductive or 
Baconian experiments. The description is not quite complete, however, because the 
re ults at each stage were subject to some form of critical evaluation; and when 
critical experiments were impractical, a medley of c0mparable techniques was used 
in an attempt to obtain the .same answer by different routes. The final conclusions 
of the study were also envisaged a less ambitious than those of a hypothetico-
deductive scheme. The background of observation and induction was expected to 
generate a small number of working hypotheses. On the basis that the larger the 
background is, the smaller the spectrum of hypothesis and the more likely the 
hypo theses are to be productive. 
Hence the approach incorporated element of both extreme descriptions of how 
scien e ought to be performed. The conclusions of the study are envisaged as 
working hypothe cs and the . role of fu lure re carch would presumably be to test 
these hypotheses and eventually to obtain rigorous answer . 
2 
2 Adaptation to Winter 
2. 1 Adaptation 
"One aim . .. is to convince the reader that an understanding of the general 
nature of adaptation is important and that its study requires a more rigorously 
disciplined treatm ent than it ordinarily receives." (Williams, 1966: 258) 
Adaptation is an abstract relationship, which is conventionally taken to include 
modifications in an individual or a species in response to a changing environment. 
The term adaptation has two useful meanings which refer to distinct processes. 
(i) All complex organisms are capable of ontogene tic adaptation: organs m ay 
become more effective in response to environmental change, sometimes by enlarge-
men t (muscle, kidneys and many others). All habit formation comes under the 
heading of ontogenetic adaptation . In the pres ent study, all seasonal changes 
measured, in organ weight, physiology and behaviour, might be ontogenetic 
adaptations . They might also be produced directly by an environmental shortage or 
excess . For example, loss of body weight might be the result of a lack of food; a 
gain in body weight might be caused by an abundance of food. Hence it is 
necessary to distinguish betwe·en ( a) ontogenetic adaptation, and (b) proximate 
changes induced d irectly by the environment. The initial definition in the paragraph 
above does not make such a distinction. 
(ii) Phylogenetic adaptation is not measured in the present study, yet its 
consequences are so important that the remainder of this discussion is mainly 
devoted to them . Phylogenetic adaptation is the process by which the genetical 
makeup of populations alters as a result of natural selection. Although the defini-
tion appears quite straightforward, few authors attempt to give more than a vague 
explanation of what this actually means, and except in some isolated cases the actual 
progress of n atural selection which produced a particular adaptation is not known. 
Fisher ( 19 58 : 41), at least, attempts a more generai definition: "An organism is 
regarded as adapted to a particular situation, or to the totality of situations which 
onst i tu te its envi~onmen t, only in so far as we can imagine an assemblage of sligh tly 
different organic forms, which would be less well adapted to that environment." 
The definition is rather cumbersome but it conveys a precise idea of what adapt-
at ion actually consists of, whether phylogenetic or onto genetic and indicates the 
ephemeral nature of any adaptation . A fixed seasonal change which is accepted as 
an ontogenetic adaptation, must be accepted a priori to be advantageous, since 
natural selection should not produce functionless changes; but it is quite easy to 
envi age that given a small environm ental change the adaptation might be replaced 
by one of the slightly different organic fonns, which were previously envisaged as 
les advantageous . 
Phylogenetic adaptation concerns the process of history and deals with events 
which o curred in the past, whether several weeks in the case of a bacterial cu lture 
or thousands of years in the case of a man. Assertions concerning phylogenetic 
adaptations are rarely testable, certainly not in the present study. Hence it is futile 
to make general predictions on the basis of unknown phylogenetic adaptations in 
the remote past; yet it is equally impossible to ignore the role of phylogenetic 
adaptations in producing an organism which is studied today. 
It is beyond the cope of the present tudy to review in detail the many specific 
ense in which phylogenetic adaptation has been used to explain various biological 
phenomena, but de tailed discussions of t he topic are given by l'vledawar ( 1951), 
Hu ley (1963), Williams (1966 ), Maynard Smith (1975) and Lewontin (1978). 
3 
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One particular division of phylogenetic adaptation, preadaptation, requues 
dis ussion, because it is relevant to 2.4 and constitutes an important background 
idea. Huxley ( 1963: 419) says adaptations fall into two categories: "those of pre-
adaptations fitting an organism for a different mode of life from the outset, and 
adaptations in the ordinary sense, gradually evolved within the normal environ-
ment, whether stable or changing." Huxley's definition conveys what is meant by 
preadaptation, but it is somewhat fuzzy. Medawar ( 1951: 20) says: "Now there is a 
stirringly Aristotelian flavour about speaking of the virtues of what must necessarily 
be a pre-adaptation to a not-yet-existent hazard; yet the statement has a plausible 
predictive value ... " He illustrates this with an example of streptococci before the 
introduction of penicillin. Some strains were "preadapted" to resist penicillin, 
before the drug was ever used. He speaks of adaptability in this .sense as a virtue, 
not for the speed of the reaction, but for the potential for genetic change. In this 
sense, all the bacteria alive today have repeatedly survived such new hazards, as 
penicillin. 
4 
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2.2 Winter 
Winler may be defined as a specific period after the vernal equinox or by other 
dynamic aspects of the yearly light cycle. But for the purposes of the preS'ent study 
a calendar definition was quite appropriate . The Canberra region has four distinct 
seasons, of which each lasts about three months. A definition of winter as the 
months of June, July and August fitted well with the seasonal cycle of ambient 
Lemperature (fig. 2; 3.1.1). Spring is then September, October, November; summer is 
December,January, February; and autumn is March, April, May. 
5 
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2.3 Why study winter adaptation? 
First one must make a distinction between changes induced by exposure to 
constant low temperatures in the laboratory, adaptation lo cold and those induced 
by seasonal exposure to winter in a natural environment, adaptation to winter. 
Early work on adaptation to cold was physiological and began around the turn of 
the century, but the field began to expand at the beginning of the 195 O's. Papers 
su h as those by Scholander et al. (1950a, b) provided the impetus·, and the rapid 
advances made specifically concerned metabolic and insulative changes. More 
recently the main contributions in physiology _ have concerned non-shivering 
thermogenesis and the calorigenic action of brown adipose tissue (4.3.6). The field 
has been reviewed comprehensively by Hart (1957, 1971),Heroux (1961a), Kleiber 
(1961), Jansky (1965), Folk (1966), Barnett and Mount (1967), Adams (1971), 
and Chaffee and Roberts (1971). 
Initially, it was considered that adaptation to cold and adaptation to winter were 
the same thing. But during the expansion of the field of cold physiology it was 
recognised tha·t this was not true (reviewed by Hart, 1957; Heroux, 1961 a, 1963a). 
The physiological processes in a small mammal undergoing a natural seasonal change 
in response to winter are often quite different from those of a small mammal under-
going adaptation to cold in the laboratory ( discussed in 4.3 .2). 
tudies of seasonal adjustments to winter in populations of small mammals in 
the wild (reviewed by Hart, 19 71) are few when compared with the enormous 
volume of laboratory-based investigations. Recently, however, the application of 
" cological energetics" to small mammal populations has revived interest in field-
based physiological studies ( discussed in 4.3 .9). 
With such a strong physiological background, it was not surprising that until 
recently ideas on adaptation to winter were predominantly associated with the 
proximate effects of low temperature on survival. The discovery of differences 
between cold-adapted and winter-adapted small mammals led to proposals that 
food availability must be equally important in winter (e.g. Aleksiuk, 197 0). It is 
only in the past five years that the realisation has come slowly that many small 
mammal populations have high survival rates in winter and seem to be lit tle affected 
directly by seasonal low temperatures and relative shortages of food, that is, they 
ar well-adapted for overwinter survival. IVIany of the innovative studies have come 
from Canada and Alaska (Iverson and Turner, 1974; Fuller et al., 1975a, b; Stebbins, 
1976, 1978; \Vhitney, 1976; Fuller, 1977a, b; West, 1977; Pett<"rborg, 1978). The 
main difference between these and the present investigation is the approach, of a 
general survey of winter adaptation, adopted in the present study. A minor aim is 
lo compare absolute findings with those of boreal studies, since the mild-
temperate climate in Australia contrasts well with the severe winter regimes in 
borcal habitats. 
6 
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2.4 Evolutionary trends 
Many discussions of evolutionary trends in mammals, especially those which 
concern climatic adaptation, inevitably cover 'Bergmann's rule', according to which 
adaptation to cold is correlated with greater body weight, or 'Allen's rule', which is 
a widely quoted application of the surface-area law, and according to which 
appendages should be shorter and thicker in a cold environment than in a warm one. 
More recently, m~ch discussion has centred on the evolution of homeothermy 
(Whittow, 1973; Calloway, 1976; Heinrich, 1977; Crompton et al., 1978; McNab, 
1978). 
These theories on the evolution of mammals have little to contribute to the 
present discussion of winter adaptation. Yet there are considerations concerning 
the evolution of homeothermy which are relevant. 
All mammals, when not in a state of torpor, have similar body temperatures, 
whether in hot or cold climate~; and within the same weight range have a similar 
basal heat production per unit weight. Defence of a high body temperature in the 
Class Mammalia depends on (i) a high metabolic rate or rate of heat production, 
(ii) mechanisms for reduction of heat loss, and (iii) avenues or means of heat 
dissipation. Differences in mechanisms of heat production, conservation or 
dissipation tend to depend more on body size than on evolutionary distance 
between genera. Hence with the evolution of homeothermy there was a concomitant 
evolution of a number of physiological pathways for the protection of body 
temperature against the vagaries of environmental temperature. These physiological 
mechanisms vary with body size or weight, in accordance with the laws of thermo-
dynamics. Thus mechanisms of resistance to cold developed early in mammalian 
history and one, would expect all mammals to have similar basic "preadaptations" 
(in the sense discussed in 2.1) for defense against low environmental temperatures. 
Even at below the species level, one would expect reaction to a predictable drop 
in temperature or relative shortage of food by season, to be preceded by an adaptive 
change, rather than by effects which are directly related to proximate causes. As 
Mrosovsky ( 197 6) points out, those mammalian adaptive strategies which have been 
analysed incorporate large safety margins, which are well within the bounds of 
environmental resources. To put it crudely, species whose strategies place them at 
risk, die out. On the basis of these arguments, one might expect species of mammals 
to exhibit marked adaptations to winter even in temperate climates, as in the present 
study. 
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2.5 The study species ( Rattus fuscipes) 
The bush rat ( Rattus fuscipes) is a terrestrial, nocturnal, forest-dwelling native 
rodent. It is fossorial and excavates simple nest-burrows in sheltered locations. Local 
abundance appears to be determined by a complex of factors, including soil type, 
friability of the soil, and soil moisture, density of vegetative cover and abundance 
of invertebrates in the top-soil and litter. The rats are often numerous in wet 
schlerophyll forest near running water. (Taylor, 1961; Warneke, 1971; Wood, 1971; 
Robinson, 1976;Sucklingetal., 1976.) · 
The present study follows the systematics proposed for Australian Rattus by 
Taylor and Horner ( 19 7 3a). Rattus fuscipes (Waterhouse) comprises four sub-
species: R.f. assimilis, R.f. coracius, R.f. fuscipes and R.f. greyii. Its distribution is 
coastal and subcoastal throughout much of eastern Australia, southern Victoria, 
South Australia and the southwest corner of Western Australia. R. fuscipes is not 
well-adapted to arid conditions( Collins, 19 7 3). R.f. assimilis was the subspecies in 
the present study. It is distributed from southern Queensland to southern \(ictoria. 
The bush rat was· chosen for study for two reasons. (i) It is the commonest small 
native rodent in southeastern Australia and, with the possible exception of the 
brown marsupial-mouse (Antechinus stuartii), the commonest small native mammal. 
(ii) The species is _ distributed throughout regions of mainland Australia with the 
most severe winter conditions, including those few areas where there is permanent 
snow in winter. R. fuscipes is active under the snow during winter in the Kosciusko 
National Park (P.L. Carron, personal communication). A study area below the snow 
line was chosen in the Brindabella Mountains because it was known to contain rats 
in reliable numbers and because of the ease of access in winter. A study above the 
snow lin e was rejected because nothing is known of the behaviour of these rats 
under the snow and the main aim of the present study was a general survey of 
winter adaptation and not a specific investigation of subnivean ecology. 
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3 Field Studies 
3.1 The study site 
3.1.1 Lees Creek Valley 
Lees Creek Valley is in the Brindabella Mountains about 25 km west of Canberra, 
Australian Capital Territory, on the western side of the Cotter River Catchment 
(35° 22'S, 148° 50'E). The valley is about 11 km long, narrow and slopes upwards 
towards the southwest (fig.l). The height above sea level varies from 750 to 950 m. 
The valley was selected because its wet floor was known to contain one of the 
largest persistent populations of bush rats within easy access of Canberra. 
The vegetation, soils and geology of the Cotter River Catchment have been 
classified by Florence ( 19 7 3). The major portion of the floor of Lees Creek Valley 
falls within a lower peppermint zone (Florence , 19 7 3) which in this case is 
primarily an alliance of ribbon gum (Eucalyp tus viminalis) with either brown barrel 
(E. fastigata) or narrow-leaved peppermint (E. radiata). These form a wet sclerophyll 
association, with heavy undergrowth in many parts. A list of 32 common under-
storey plant species found throughout the valley floor is given in Appendix 1.1. 
A typical view of the valley floor is shown in photograph 1. Transitional zones of 
vegetation, often with little understorey cover, are found on the steep slopes 
( fig. l), and culminate in a drier sclerophyll forest association on the ridges. 
Mean monthly maximum and minimum screen temperatures ( calculated from 
daily maxima and minima) and rainfall from October, 1975 to October, 1978 are 
given in figure 2. This information, provided by the Hydrology Section, CSIRO 
Division of Forest Research, was recorded at a meteorological station near the 
junction of Lees and Blundells Creeks ( fig. 1). 
Temperatures in the valley ( fig. 2) show a well defined seasonal pattern. In 
winter mean monthly minima are below o.0 c and mean monthly maxima are around 
10°C. Snowfall in the upper reaches of the valley is uncommon. The winter of 1976 
was a mild winter, whereas 1977 and 1978 were cold winters; but these differences, 
though observable, are not obvious in figure 2. 
Rainfall, as shown in figure 2, is variable and unpredictable. A comprehensive 
survey of the Canberra region by the .Bureau of Meteorology (1968) gives a more 
complete picture. Over a period of years monthly rainfall does not vary much, 
though rain is generally more reliable in winter and spring. October, the month of 
highest average rainfall, is also apparently the most reliable month for rain. 
3 .1.2 Study area 
The area in which marked and released animals were investigated is at the lower 
end of Lees Creek Valley (fig. 3). The site was chosen after extensive trapping along 
the valley (see 3 .2.1), as a discrete area containing what was hoped to be an almost 
isolated population of bush rats. 
The wet valley floor is narrow (- GO m); it is bounded on one side by a dirl road 
and an exotic plantation of pine trees (Pinus radiata) and on the other by a steep 
hill idc, bare of ground cover and a imilar pine plantation ( fig. 3) . There is no 
understorey vegetation in the .plantations. The natural vegetation outside the pines is 
a described earlier : on the valley fl oo r two species of tree, ribbon gum 
(Eucalyptus viminalis) and narrow-leaved peppermint (E. radiata) predominate. The 
main grou nd cover i fishbone water-fern (Blechnum nudum), although occasional 
over i provided by bracken (Ptcridium esculentum), soft tree-ferns (Dicksonia 
antarcti'ca), blackberry (Rubus fruticosus) and nettle (Urtica incisa) . The density of 
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Photograph 1 Heavy cover. The fishbone water-fern (Blechnum nudum) m the foreground i 
thick and continuous. 
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ground cover can be divided readily into three categories: heavy, medium and light 
(photographs 1, 2, 3). 
In December, 1976 an index line (680 m) of 30 numbered posts - the main trap 
line - was established along the creek following the lines of best cover. The first six 
posts were each 40 m apart (because of good visibility) and the remainder 20 m 
apart (fig. 3) . Another set of posts at 20 m intervals formed a transect line (150 m; 
an extra trap was set 5 m beyond the last post at either end) across one of the widest 
and best covered sections of valley . The transect extended into the pines at either 
end ( fig. 3) . Between posts 3 to 6 and 2 3 to 2 5 on the main trap line is a shrub zone 
with very little ground cover (photograph 3). The area is bounded by pines and on 
the edge of a vast unnatural area of pine forest. Higher up the valley, all is native 
forest. 
A simple description does not adequately convey the precise reasons for choosing 
thi particular site. In - the introductory paragraph two key phrases are "discrete 
area" and "isolated population". The reasons for considering the area discrete and 
iso lated are: (i) the lack of ground cover above the wet valley floor and (ii) a 
narrowing of the floor and sparse cover for some distance beyond the ends of the 
main trap line. The assumption that this would tend to restrict movement into and 
out of the study area was supported by the results of trapping along the valley 
throughout 1976, and by my experience of trapping similar habitats in previous 
years . The next section (3.2), on methods, outlines means by which the above 
a sertion was tested and why trap lines were chosen in preference to other con-
figurations (3.2.3). 
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Photograph 2 Medium cover. The fishbone water-fern (Blechnum nudum) in the foreground is in 
i olated clumps. 
Photograph 3 Light cover. The only ground cover is bark and leaf litter. 
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3.2 Methods 
3.2.1 Sample for analysis of body composition and other removals 
As mentioned (3.1.2), extensive trapping was conducted along Lees Creek Valley 
before the study of a live population was begun i0 the field. One reason, beyond 
surveying to find where rats were most common, was to remove animals for experi-
mental purposes. These trapping locations outside the study area are shown i,n figure 1. 
Five groups of rats were removed; (i) samples (N = 103) for the analysis of body 
composition; (ii) samples (N = 19) for the analysis of stomach content (see 4.1.6); 
(iii) a sample for a feeding experiment (N = 5) (4.1.6); (iv) samples (N = 14) for 
measurements of metabolic rate (see 4.1.7) and (v) a group (N = 40) for the establish-
ment of two experimental populations in the laboratory (see 5.1.1). These were 
removed only in small numbers from each particular location and over a long period. 
The removals had no observed effect on the wild populations. 
The samples for stomach content were snap-trapped with commercial rat traps. 
All other rats throughout the investigation were trapped alive in Elliott traps for 
small 1nammals ( 3 3 x 10 x 9 cm.), with a mixture of peanut butter and oats as bait. 
Non-absorbent cotton wool was provided as bedding in the colder months: May, 
June, July and August. 
Rats for a study of body composition were trapped in January /February, June, 
August and Decemb r,_1976 and May, June, July and August, 1977. The January/ 
February and December samples were chosen to be pooled as a summer group. The 
May, June, July and August samples were intended to show changes occurring before 
and across the winter. 
All rats caught in the first three samples were used. In later samples rats were 
still taken as encountered along the trap lines, but the numbers were planned to give 
convenient or rounded numbers for each calendar month and about equal numbers 
of each sex. Thus the figures represent an unbiased sample for each sex separately, 
assuming the trappable animals are representative of the entire population: an 
unavoidable assumption. Animals caught in excess of requirements were released. 
Although the sex ratio of the samples is artificial, the complete trapping record 
gives an estimate of sex ratios in the field. Again, assuming that both sexes are equally 
trappable (see 3.2.4 and 3.3.1 for further discussion): It was also planned to reject 
freshly weaned juveniles below 55 g, but because the summer samples were taken 
by early F ~bruary none were caught. · 
Rats were killed in the field by asphyxiation with chloroform. Body weight and 
several external measurements were made at once (see 4.1.1), and the bodies trans-
ported to Canberra in a cooler. In the laboratory the eyes were removed and placed 
in buffered formalin (neutral buffer) and the bodies stored in a freezer at -12° C to 
await dissection (4.1.1). The time between death and freezing was 1 to 2 hours. 
3.2.2 Determination of age 
The age of a small mammal is always difficult to determine, especially in the field .. 
Yet an accurate and quantitative means of age dete1:mination is essential for precise 
tatements on the population. Body weight is often used as the criterion of age, but 
alth ugh growth is always positively corre lated with age, changes in body weight do 
not nece arily proceed at a teady rate and the rate may even become negative 
(3.3.8, fig. 8). When body weight is also a function of eason (4.2.3, fig. 24), its 
u e in determining age, except for very young animals, can be most misleading. 
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There is no simp le and reliable melhod of determining lhe age of a mammal 
available, although many attempts have been made to achi eve one (Delany , ] 974). 
Tooth wear or tooth len gth has been used frequently (e .g. Funmilayo, 1976). But 
th e techniqu e is not often practicable with live anim als , especially rodents; and it 
req uires large samples. Id eally , because rates o f wear vary according to diet , samples 
should be collected over a twelve-month period and withi a specific locality. 
Lowe (1971) used a more sophisticat ed technique based on tooth growth. He 
injected bank voles with a vital calciphilic dye (Red S) which deposited a red band at 
the time of injection in the continually growing root of the first lower molar. 
Rep eated injection at regular intervals produced more bands so that it was ultim ately 
possible to m easure the growth rate of th e root . The m ethod requ ires only small 
samples in the lab oratory , bu t large samples in the field and ultimately the removal 
of animals from the populalion. 
Eye lens weight has conventionally been used as a reliable means of determining 
the age of dead mammals (Friend, l 9G7a, b, c; My ers and Gilbert, 1968). Dapson 
and Ir and (197 2) reported improved accuracy in estimating age with old-field mice 
(Perom yscus p olionotus), by determining the insoluble fract ion of tyrosine in th e 
lens . The melhod may prove usefu l in special cases, but it is probab ly too complicated 
for general use. Lidicker and Maclean ( 1969) used multip le regression an alysis on a 
series of body m easurements in an attempt to determine the age of California voles 
( J\1icrotus calzfornicus ). Al though they were not particularly successful, multiple 
regression analysis on variates which arc strongly correlated with age h as some 
polcntia1 as an eas y and accurate tech nique of age determination. 
In the present st ud y, some detailed work on age dete rminat ion of Rattus fuscipes 
was already avai lable . K. Myers at the CSIRO Division of Wildli fe Research had examin-
ed a large numb er of body variates o f bush rats of kn own age, reared in the laboratory . 
Only two were found to be useful in determining age accurate ly: eye lens weigh t and 
head lcnglh (K. Myers, personal communi ca lion; Myers el a L., 197 7) . Head length 
refers to the distance between the occip ital crest and the soft tip of the nose. 
A description of maintenance of the ra ts in the laboratory and of the methods 
used is given by Myers el al. (J 9 77). From the in formation obtained, a series of linear 
equations were calculated, with single an d mult ip le regressions ( described by 
Sne<lecor and Cochran, 1967 : 135 to 170 and 381 to 416), by the leas t sq uares 
mellwu. Th ere arc lwo equatio ns fo r head lengt h, each sex is lrcalcd scparalc]y. 
The sexes are co rn bincd fo r the eye lens weight equation and treated separately for 
lhe multiple regressions, on both head le ngth and eye !en weight, although K . Myers 
(personal communication) has shown that there is no evidence of a diffe rence between 
the multiple regressions for the sexes; t hey could herefore equally well have been 
presenlcd a a single equation. In Myer's study a sample of 251 rats (130 males and 
121 females) was used to calculate the single regression s for head length and eye 
lens weight, separately and 2 3 7 rats ( 124 males and 113 females) were used to 
calculale lhe multiple regressions. In all equations: age i in days, head length in 
mm x 10 (for convenience in co mpu ter codin g) and wet lens weight (4.1.1) in mg. 
The equations fo r headlength arc fo r males : 
Loge(age) = 0.0207(head length) - 3 . 7945 
loge(auc) = 0.02..J6{head length) - 5 .291 '3 
( 1) and for females: 
' 
( 2). 
(K. Myers, personal communication) 
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The equation [or wet lens weight is: 
age = -39.9 + 95.37 ( 3) . 
loge (79/wet lens weight) 
(Myers et al., 1977) 
The equations for the multiple regressions are for males: 
loge(age) = 0.047(head lengt.h) +.0.0053(wet lens weight)+ 0.5280 (4), 
and for females: I' 
loge(age) = 0.0047(head length)+ 0.0056(wet lens weight)+ 0.4636 (5). 
(K. Myers, personal communication) 
Myers et al. 1977 state, of equation 3, that the standard error of the estimation of 
age, for an individual, was 1 7% at 200 days o[ age. The variance equation gives lower 
variation for younger rats and greater -variation for older ones. For rats over 300 
days of age, accurate estimation of age becomes less and less practicable. K. Myers 
(personal com1nunication) found little difference between the three methods. Eye 
lens weight is slightly more accurate [or age determination than head length and 
the multiple regressions are slightly better than both. The theoretical accuracy of 
these equations is not of great importance since, in practical terms, the direction of 
bi as in det ermining age was found to be more relevant ( 4 .2 .2). 
The utility of these equations is uncertain. One reason for applying these methods 
to a population in the field was to test the validity of using head length as a tool [or 
determining the age of live rats in the wild . The accuracy of measurement under 
field conditions was also an important factor (Appendix 2.1). These considerations 
are dealt with in 3.3.2. 
3.2.3 Population study 
The initial aims of the population study were: (i) to test the validity of using 
the laboratory curves for head length (equations 1 and 2), to calculate the age of 
rats in the wild; (ii) to examine the body weights of live animals and determine 
whether they showed the same pattern of seasonal adjustment as the samples removed 
for the analysis of body composition ; (iii) to look at survival in winter and [ind 
which age classes i[ any were at risk; and finally, if possible, (iv) to construct a 
dynamic portrait of the population. 
The study area (fig. 3, 3.1.2) was first trapped in January, 1977. One Elliott 
small mammal trap was placed every 5 m ·(±2 m) along both the main trap line 
(137 traps) and the transect line (31 traps) in what was considered the best position 
available al each trap site (Appendix 1.2). The posts, mentioned in 3.1.2, were used 
as guides lo mark the trap lines and to help in trap placement. After the first session, 
traps were placed in exactly the same positions on all subsequent sessions, except 
for a [cw ites where the cover was destroyed by wild pigs or macropods. Traps were 
num bcred from 1 to 13 7 on the main trap line in the same direction as the posts 
(fig. 3) and Tl lo T3 l on the transect, beginning at the road end. 
trapping period of four trap nights wa chosen after plotting the cumulative 
capture success for the first session ( fig. 4). The prominent squares in figure 4 
13 
25 
20 
15 
1 2 3 4 5 
Trap night 
Figure 4 Cumulative captures. 'Squares' are trapping session in January, 19 77. 'Trfangles' 
and 'circles' are sessions for June and December, 1977, respectively. In August, 
all rats (17) were caught on the first night and on each subsequent night. No 
points plotted for sessions <4 traµ nights. 
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indicate the results for the first trapping session. Although the curve did not actually 
plateau, it was considered that most of the population were caught in the four 
nights. One further night's trapping was intended in January, 1977 but, because on 
night 5 three rats were removed from traps by a fox and eaten (the same fox is 
mentioned later), the final night's trapping was abandoned. 
Calhoun ( 1963) giv s several examples of continuous removal trapping, during 
which cumulative captures reached an initial peak and then a second peak later if 
trapping was continued over a long period, such as 30 days. The decision to limit 
trapping sessions to four nights, therefore, was based on the following considerations: 
(i) most of the population would probably be caught in 4 nights, (ii) there would be 
little additional return from trapping effort after four nights, and (iii) consideration 
of possible loss of condition in the rats (e.g. Perrin, 1975; Bietz et al., 1977) and a 
high trap mortality among the Antechinus of both species also trapped (Appendix 
1.2), after more than 4 trap nights . 
The two trap lines were trapped on eight occasions: January, 1977 (5 nights), 
May (2 nights), June (4 nights), July (2 nights), August (4 nights), Decemb er (5 
nights), March, 1978 (3 n·ights) and May (3 nights). Trapping was halted after 2 
nights in May and July because of predation by a fox and unexpected freezing rain, 
respectively. The fox was trapped and killed after intensive effort, in June, before 
the June session . The extra night in December gave equal trapping times (10 nights) 
for summer and winter (see Appendix 1.2). The final two sessions, in March and 
May, 1978, were to sample the bulk of the year's emerging juveniles missed in 
earlier sessions and to estimate survival between the period when the juveniles became 
trappable and late autumn. This information was supplementary to the main trapping 
study and for this a trapping effort of three nights was considered adequate. 
During trapping sessions the traps were visited each morning. · Traps were not 
prebaited - that is, set with the door fixed open and baited for a fixed period 
before each session (discussed by Tanton, 1965) - because of the initial high rate of 
captur (fig. 4) and also since it has been suggested that prcbaiting may cause 
concentration of animals at the traps and disruption of social organisation (Gentry 
et al., 19 71). Newly caught animals were ear-tagged and toe-clipped for iden tifica-
tion. Numbered brass Hauptner tags (10 x 3 mm) were used (Cat. no. 73850). 
The tag was attached to the car through the concha and across the most cartilaginous 
portion of the tragus. Of tags placed correctly in this position, only five were lost, 
and the animals were re-identified by toe-clip, head length, sex and weight. Toe-
clip indicated date of capture: the 5th or outermost digit of the left manus was 
clipped, for the January, 197 7 session, the 4th digit for May and so on. There 
were only 8 sessions and consequently each animal had a single toe removed 
(proximal to the distal joint) on either the left or right manus. 
Except for marking, all rats were treated similarly on their first capture for each 
sc ion. Each was lightly anaesthetized with surgical grade ether, the tag number 
noted, head length measured to the nearest 0.1 mm ( 'litutoyo No. 505-6 33 dial 
caliper ), body weight taken to the nearest 1 g (Pesola 300 g spring balance) and 
se ·ual condition recorded. ~nae thesia wa used becau e head length could not 
otherwi e be measured to the degree of accuracy required ( Appendix 2 .1); tags 
were al o ea ier to place on an animal under anaethe ia. Sexual condition in males 
wa recorded a te te s rotal or non-scrotal. Females were divided into four categories: 
( 1) vagina non-per[ orate, (2) vagina perforate, ( 3) pregnant and ( 4) lactating. 
Pregnancy wa detected by palpation, and lactation by squeezing swollen nipples 
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for Lhe presence of milk. The accuracy of these two methods is poor and a propor-
tion of pregnant or lactating [em ales were probably misclassed as females o [ type 2. 
On recapture, after the initial capture of the session, Dnly tag and trap number were 
no Led. 
The aims of the project required two things of a trapping strategy: (i) to catch 
as many animals as possible and (ii) to catch them repeatedly. Trap lines were used 
in the present study because they were the most efficient means of sampling. In 
Australia small mammals are often sparsely distributed. Even reliable populations 
such as that of Lees Creek Valley are sparse in comparison with some small mammal 
densities found in the Northern Hemisphere. These statements are discussed in more 
detail in Appendix 1.2. For the second part of the strategy - repeatability of 
capture - it was necessary to isolate or somehow to encompass all or part of a 
population. In 3.1.2 some reasons were given for choosing the particular site. These 
reasons stated slightly differently are that the study area effectively provided a 
compromise between the two requirements for trapping, by being large but also 
isolated. Rattus fuscipes enters pine plantations but not mature plantations without 
ground cover (Warneke, 1971; Suckling et al., 1976). It was also suspected that 
rats avoided the steep bare hillside (fig. 3). Hence the purpose of the transect trap 
line was to test the assumption that rats were restricted to the wet valley floor. 
In August, 1977 a similar test was made to determine whether there were un-
marked rats resident close to, but outside, the limits of the main trap line. Twenty 
extra traps were set -5 m apart (100 m), for 2 nights beyond each end of the main 
trap line, along the creek. 
Another important question was whether the _main trap line would cut through 
all the home ranges along the valley floor so that the movements of all rats in the 
vall y would bring them into regular contact with the traps. From experience of 
trapping rats throughout the valley and in similar habitats, m ovements were thought 
to be concentrated in the thick cover near the creek (Appendix 1.2), which explains 
why the trap line meandered beside the creek (fig. 3). The distance between traps 
( - 5 m) was small, which m ade it unlikely that an animal crossing the trap line would 
mi s the traps, especially as peanut butter has a strong odour. 
The width of the valley floor was about 60 m along the length of the trap line. 
In southern Queensland, Wood ( 19 71) found that the mean distance bet ween 
succe sive captures of R. fuscipes (a conservativ_e estimate of movement) was about 
25 m. The mean maximum distance between captures for each individual in a 
se ion was about 145 m. \Vo od called this second measure average observed range 
length ( ORL), after Stickel (1954). There are problems in comparing measurements 
of movement between tudies. These are discussed in 3 .2. 4. \Vood's findings are 
cited here to indicate that, since the trap line ran down the centre of the valley, 
the valley floor was probably narrow enough lo bring all rals into contact with the 
traps. A further desirable criterion in studying a population of small mammals is 
that the trap should be so close that all resident animals can be caught in at least 
Lwo Lrap (Stickel, 1954). In_ the pre enl study, the trap spacing in both trap lines 
en ured this. 
3.2.4 Technique of population analy i 
J\lumb ers and. trappability Various configurations for laying traps (summarised by 
milh et al., 19 7 5) have been used in studies of small mammals, but the grid is the 
most common. A discus ion of trapping methods is given in Appendix 1.2. Grids 
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have two main advantages over trap lines: (i) movement can be measured in two 
dimensions on a grid and only one dimension on a trap line; (ii) because of (i), 
relative densities or abundance of small mammals can be measured readily on a 
grid, but not so readily on a trap line. Nevertheless, some estimate of numbers was 
considered desirable in the present study, for comparisons bctw en trapping sessions 
and in order to estimate catchability. Catchability and trappability are both used 
to mean the repeatability with which individuals can be caught in traps, while each 
is still alive. Both terms arc defined operationally below. 
The subject of estimating numbers is complex and controversial. Caughley (1977) 
provides a lucid guide to problems and to some techniques for the vertebrate ecologist. 
Seber ( 19 7 3) gives a less readable but detailed account of designs and methods of 
analysis. The topic may be discussed briefly under four headings : (i) removal 
methods, (ii) mark-recapture methods; (iii) frequency-of-capture methods and 
(iv) enumeration. 
(i) Removal methods require that animals be caught and re1noved from the 
population, or simply marked and considered as removed (the former is preferable). 
Hayne's ( 19496) method is often cited as an example, although the method described 
by Leslie and Davis ( 19 39) is virtually identical. The catch per day ( y) is plotted 
against the number of animals previously removed (x). A linear regression is calcu-
lated and the point at which the line cu ts the x-axis gives the estimated population 
size. A most useful feature of the procedure is, that it gives an immediate visual 
representation, of how well the findings conform with the theory. Although the 
method is quick and simple, it is based on assumptions, defined by Moran ( 1951), 
which may be · untenable (Caughlcy, 19 77 :45). Some of the mark-recapture tech-
niques are more refined, especially the frequency-of-capture methods described 
below. Caughley (1977:46) suggests that Hayne 's OT Leslie's method should be used 
only when other alternatives are impracticable. 
(ii) Seber (1973) covers much of the vast range of mark-recapture techniques. 
Caughley (1977) describes the common one's which arc: the Lincoln or Petersen 
Index, Schumaker's method, Bailey 's triple catch and the Jolly-Seber method. 
The J ally-Seber method is, perhaps, the most refined because it is stochastic, whereas 
the others are deterministic. Deterministic models treat probabilities as exact 
quantities, for example, a mortality rate of 10% is treated as if it removed exactly 
10 animals per 100, whereas the stochastic model allows for a distribution of pro-
babilitic with a m ode at 10% (Caughley, 1977). 
(iii) Caughley (1977:152) states: "Most mark-recapture models are fantasies of 
the 'what if .... ?' type, the conjunction being followed by a list of improbable 
conditions the least practical of which req uircs that all animals are equally catchable". 
He say that recently a good deal of thought has gone into the ·problem of making 
model more realistic and proceeds to develop ideas on frequency-of-capture models. 
Tanton ( 1965) used a truncated negative binomial distribution to estimate popula-
tion size from frequcncy-o [-capture information and the introduction of this type 
of analay is is often attributed to him(e.g. Delany, 1974; Flowerdcw, 1976); although 
Caughley (1977) notes that Craig (1953) also used a zero-truncated Poisson distribu-
tion and Eberhardt (1969) explored the pos ibility of using the geometric distribu-
tion. All three use the frequency of animals caught once, twice and so on to estimate 
the frequency of the zero class - that i , animals that are never caught - from the 
hape of the truncated curve. Caughlcy (1977) states that the methods should not be 
treated independently: "they should be used a a triple-ball cartridge. One at least is 
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liable to hit the target". He means that one model will generally give a better fit 
than the others, but that the particular model depends on the study. The Poisson 
distribution fits closely if catchability is constant. The negative binomial often fits 
if the underlying probabilities are not constant. According to Caughley, the estimates 
fai l if animals die during the course of the experiment (presumably in large numbers). 
Consequently, the technique should be applied only to periods well-within the life 
span of the species . 
(iv) Enumeration strictly means the counting of all animals caught, but it is 
generally used to describe a family of simple techniques based on counting. Many 
authors have used enumeration , but C.J. Krebs and his colleagues are among the 
most well known advocates (e.g. Krebs et al., 1973, Hilborn et al., 1976; Krebs etal. , 
1976). Flowerdew (1976) wryly notes that Krebs (1966) initially used "computer 
techniques" (i.e. mark-recapture) to estimate numbers but later changed to simple 
enumeration methods. Krebs says he uses enumeration "to avoid the statistical 
assumptions of random _sampling" (Krebs et al., 1976). The estimate used is the 
minimum known to be alive (MNA). At time (i) the MNA is the sum of: (1) the 
number caught at time (i) and (2) the number of previously marked individuals 
caught after time (i) but not at that time (Krebs, 1966). Hilborn et al. (1976) used 
a comp uter simulation to examine the influence of five variables on the reliability 
of the estimates of MNA. They found that enumeration gave accurate estimates of 
population size, except when trappability fell below 50% and when the probability 
of capturing unmarked animals changed or' became reduced. They then applied the 
technique to field in formation for 5 species of voles (l\1£crotus), and concluded that 
MNA underestimated population size by 10 to 20%, but C01!1,pared favourably with 
J olly's method. 
Catchability and trappability were defined loosely earlier. Catchability is defined 
operationally now as: the number actually caught divided by the number estimated 
by a frequency-of-capture analysis (above). 
Catchability = number caught 
numb er estimated 
(6) 
Cat.chabili ty is an important variable. Caughley ( 19 7 7) says that uncq ual catchability 
is the greatest source of error in mark:recapture studies. Eberhardt ( 19 69) has 
ascribed the lack of equal catchabili ty in certain trapping studies to three causes: 
(i) variation inherent in the individual, which is expressed in its behaviour near a 
trap; (ii) learning, as the result of a previous history of b_eing captu·red, which causes 
the animal to be "trap-prone" or "trap-shy"; (iii) the relative opportunity of capture, 
which can depend on whether the traps arc within the animal's home range, as 
mentioned in 3.2.3, or whether the animal is prevented from entering a trap by 
conspecifics . From the work of Hilborn et al. (1976) above it is apparent that the 
fir t two causes also cover the main sources of error in f\1NA estimates . The third, 
as di cussed previou ly, i partly a problem of trapping design. Trappability is 
defined operationally as: the number of individuals caught in a trapping period 
divided by the number known to be alive (MN A) in that period (Krebs, 19 66). 
T b .1. no . caught at time (i) rappa t tty = _____________ _ 
no. known to be present at time (z) 
(7) 
Thi 1 t.he trappability of th population over a given time. 
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IL is also sometimes useful to know lhe trappability of an individual instead of lhe 
entire population. Hilborn et al. (1976) cite a method which they attribute to D. 
Chitty, by personal communication. The method assumes that the period between 
an animal's first and last capture is a random sample. The estimate is the number of 
limes the individual was captured divided by the number of times it could have 
been. 
Trappability (individual)= (no. of captures) -2 
(no. of trap nights) -2 
(8) 
The subtractions eliminate the first and last captures. In the present study, the 
findings for equation ( 8) agreed with those for equation ( 7), but otherwise did not 
prove to be especially useful. 
Hence, catchability provides a measure of the size of the zero class ( the animals 
which are never caught) in comparison with those captured. Tiappability measures 
how often an animal, once captured, is missed on any trap night, while it is still 
present in the population. Both may be considered as a measure of confidence in 
one's trapping results. On the basis of the findings of Hilborn et al. (1976), Krebs 
et al. ( 19 7 7) state: "Trappability was very high on both trapping areas, always 
exceeding 83%, and hence we feel our population data are accurate." In the present 
study, the conditions proposed for the study area were (i) that it was isolated, and 
(ii) that the trap line passed through all home ranges. If these were correct one 
would expect high values for catchability and trappability. If the conditions were 
not met, one would expect (i) a large segment of the population to be uncatchable, 
and (ii) rats which were captured to be missed regularly on any particular trap night. 
In summary, the frequency-of-capture and enumeration methods were considered 
the most realistic and practical methods for estimating numb ers in the present 
study. Hence, three measures are given in 3.3: (i) the number caught, (ii) the number 
estimated by the frequency-of-capture model of best fit and (iii) the minimum 
known alive (MNA). Catchability and trappability are used in 3.3.4 to indicate the 
confidence which can be placed on the reliability of the trapping results. 
Notwithstanding the care taken in setting up a trapping program the results 
still must be treated with caution. Delany (1974) quotes two studies in Africa where 
the re ults of a different method of removal were dissimilar to the results of trapping. 
Boonstra and Krebs (1978) trapped a high density population of Townsend's vole 
(!vlicrotus townsendii) concurrently with live-traps and pitfall traps, for six months. 
The number of voles caught by pitfalls was up to twice that by live-traps. Pitfalls 
also sampled a different subpopulation, for young animals and transient adults were 
a large fraction of those caught. Delany (1974) suggests that the use of more than 
one method in the field has obvious attractions and advantages. This was not feasible 
in the present study, but wherever possible different approaches were used in 
analysing the findings. 
j\1ortality and dispersal 1any studies attempt to estimate mortality and lo calcu-
late separate mortality rates for various age classes. The pattern of changing mortality 
rale is be t expres ed in the form of a life table. A life table may be presented as 
age-specific mortality rates presented in tabular form as if mortality were progres-
sively depleting a large number o [ animal born simultaneously, although li[e tables 
are not al ways drawn up in this way. The following brie f account is based on Caughley 
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(1966; l 977) 
A lypical life table (an example, for the female thar, 1s given by Caughley; 
1977:85) consists of six columns: 
(1) age (x) at specific selected intervals; 
(2) the number ofanimals still surviving (fx) at each interval; 
( 3) survivorship (lx): this series of values gives the probability at birth of surviving 
to any age, x; 
( 4) mortality ( dx): the probability of dying during the interval x, x+ 1; 
( 5) mortality· rate ( q xJ: which is the proportion of animals alive at age, x that 
die before age, x+l; 
(6) survival rate (Px): the proportion of animals alive at age, x that survive to 
age, x+ 1. 
Variables lx, dx, qx, Px are not independent (the relationships between them are 
summarised in tabular form by Caughley; 1977:87). One relationship of direct 
concern is that qx and Px are probability complements . 
(9) 
The variables lx and dx are very susceptible to bias because an error in one class 
is reproduced in all the classes below it in the table. This may not seem immediately 
true for dx, but it is the result of calculating dx from erroneous lx values. Estima-
tions of lx for the youngest age class are often difficult and may be impracticable . 
In contrast, any qx (or Px) value is independent of other qx (orpx) values, since 
the mortality rate can be calculated from any two survivorship frequency values 
(fx)-
( l 0) 
A complete life table, however, is not necessary for examining seasonal and age-
related mortality. Life tables tend to give a misleading impression of accuracy. 
Caughley ( 1966) criticises several published studies which he considers ·are based on 
insufficient information. He also ·rejects the findings of some other studies on the 
grounds that emigration and mortality are confounded. This was also a problem in 
the present study and is discussed below. The use of life tables in the present study 
would be misleading, because the study was not designed to gather all the informa-
tion required . A background of the theory, however, was essential for calculating 
mortality or survival rates and was even more essential for interpreting these calcula-
tion realislically. 
Many problems have been ignored in this brief account. Dispersal is one, however, 
which annot be ignored . Unless one can measure dispersal, emigration cannot be 
di ling-uished fron1 death. Krebs et al. ( 19 7 3) end their paper with this force f'ul 
conclusion: " .... our work on Microtus can be summarised by the admonition: 
study dispersal". Later papers by the group make a serious attempt to do just this 
(e.g. Hilborn and Krebs, 1976; Krebs et al. 1976; Fairbairn, 1977 and Krebs et al. 
1977). 
Olher author, such as Getz (1960) and Van Vlcek (1969), have minimised the 
role of dispersal where lrapping areas arc surrounded by unsuitable or hoslilc habilals 
(a in the present tudy). But their evidence i indirect, in comparison with the direct 
quantitalive studies of dispersal cited above . Hilborn and Krebs (197 6) and Krebs 
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et al. (1976) found, for Townsend's vole (Microtus townsendii), that most dis-
appearances from increasing and peak populations were due to dispersal, whereas 
in declining populations very little dispersal occurred and direct mortality was the 
main cause of population loss. Fairbairn ( 19 7 7) found, for female deer mice (Pero-
myscus maniculatus), that the spring decline was due· mainly to mortality of early-
breeders; but for males it was a result of dispersal o[ light-weight subordinate animals. 
Tamarin ( 19 7 7) studied dispersal in a non-cycli c island species, the beach vole 
(Microtus breweri), and in a cyclic mainland species, the meadow vole (lv1. pennsyl-
vanicus). He found, for the island species, that dispersers were apparently a random 
(but large) sample of the population and moved only short distances. On the main-
land fewer animals dispersed, but they moved greater distances. The findings on the 
mainland further suggested_ that females disp ersed more in summer and males more 
in winter. 
The difference between the two populations, Tamarin (1977) explains, is that 
the island voles have nowhere to disperse to. He reviews the other literature on 
dispersal and constructs a model for dispersal, which is, however, very speculative. 
Hilborn ( 19 7 5) gives a more direct contribution to theory, but in one small aspect 
only. He found, for four species of vo le (Micro tus), that during periods of popula-
tion increase, families tended to survive or disappear as a unit; whereas in declining 
populations there were large differences in survival among members of a family. 
These studies o[ voles have one element in common, they all show that dispersal 
is a complex phenomenon, which is difficult to investigate. An investigation of 
dispersal was beyond the scope of the present study, which is a severe limitation. 
The natural boundaries around the study area (fig. 3; 3.1.2) were expected to 
prevent much dispersal. And if, as was predicted because of the boundaries, the 
resident population could be measured reliably, then immigration could also be 
measured directly, unless confounded with recruitment. Emigration could not be 
measured directly and probably not even indirectly. Hence, emigration and 
mortality were confounded. 
In summary, the theory of life tables is used in the present study to calculate 
and assess mortality or survival rates. Immigration can be used as an index of dispersal 
in area outside the study area, but emigration could not be measured directly. 
Survival rate is used in 3.3, rather than mortality rate, to indicate that mortality 
cannot be distinguished from emigration. 
Analysis of social behaviour from trapping results One factor in dispersal is social 
behaviour. Patterns of behaviour among con pecifics may be either cohesive or 
di ruplive (Barnett, 1969). No direcl measurements were made o[ intolerant behaviour 
in thi study, but Barnett and Stewart (1975) ha',,'.e previously described intolerant 
signals o [ Rattus fuscipes. 
Cohesion or disruption within a population o[ small mammals may be inferred 
from trapping results (Getz, 19 7 2; Slade, 19 7 6; Fairbairn, 19 7 7). The technique 
suggcs led by Slade ( 19 7 6) was found to be the most appropriate . Slade's analysis 
a ks Lhree que tion , the answers to which show whether animals of either sex arc 
attracted, repelled or indifferent to one another and to members of the opposite 
sex. c mplete de cription of the technique and a worked example are given in an 
ex tract from Slade' ( 197 6) paper, reproduced in Appendix 1.3. 
N.A. Slade (personal communication) originally intended the technique for use 
onl with traps which could catch more than one individual at a time. Boonstra and 
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Krebs (1976) showed lhal the odour of a captured Townsend's vole (Microlus 
townsendii) lingers in the Lrap and affects the capture success of other voles. llased 
on this finding, my main assumption in usjng Slade's technique was thal the odour 
of a ml, once captured, influenced the caplures or other rats for 48 h. N.J\.. Slade 
(personal communicatjon) agrees thal Lhis assumption is a use l'ul extension of his 
method. I t has the further advantage of being able to distinguish the initial from 
Lhe second capture within a pair. 
The analysis of questions 1 and 3 ( called hypo Lhescs 1 and 3, in Appendix 1.3) 
was Lhe same as before . But Slade suggested that, if the sample sizes were large 
enough, two tests of question 2 could be performed, treating the first and second 
animals in paired captures separately . He also suggested that only the second animal 
is rclevanl in making inf crences on social structure, because there may be no odour 
when the initial animal is trapped. I disagree, because the presence of the first animal 
al the trap may be influenced by odours and other factors near the trap site, which 
are not independent of the second rat or of other rats . Unfortunately, the sample 
sizes were not large enough to make a definitive statement on this question, and it 
would be a useful area for further research. In the present study, therefore, the 
analyses proceeded in exactly the manner described by Slade (1976), and quoted in 
Appendix 1.3 . An analysis was made for each trapping session. 
1~ urthcr assumptions were however, necessary, because triple ls and quadruplets 
of captures were common. (Similar but different conditions arc also required for the 
two tests on question 2 suggested by Slade above.) These conditions, as with those 
of many ecological techniques, limit Lhe findings and are open to criticism. 
The following assumptions were made in conjunction with the analysis. (i) The 
odour of a rat, once captured, lingers in the trap and influences the capture of 
olhcr rats for 48 h . Captures more than 48 h apart were lrcated as single captures. 
(ii) The number of rats in any sequence equals the number of captures recorded, so 
as not to bias the figures by countjng an animal more than once; hence, 1 !'or a single 
capture, 2 for a pair and so on. (iii) When a pair of the same sex (or category) is 
captured, however, this scores only 1, because findings for pairs of the same sex 
arc multiplied by two in the analysis (Appendix 1.3). (iv) When a sequence of 3 
or more occurs, it i sometimes impossible Lo make the number of caplures recorded 
equal the number of rats . The appropriate fraction is Lhen deducted fro m the Lally 
of the pairs of the same sex. This results in a very s-mall bi as against scoring multiple 
cap tu res of the same ex, which in Lu rn lowers the chances, marginally, or discarding 
lhe null hypothesis (i.e. rinding a differen ce) . (v) When an animal is recaplured in 
Lhe amc trap on two succes i\·e nigh ts, this is scored as 2 single captures; on 3 
night , 3 ingle capture and so on. 
1\Io vements The study of movements, e pecially by trapping, has long been con-
trover ·ial. But as Sander on (19 6 6: 22 7) stales: "In discussions o [ analysis and inter-
prcl,. ti n of mammal movements, a few rep orts are cited again and again". This 
mak a comprehensive introduction easy to obtain. 
Good urvcys arc provided by Burl ( 1943), Hayne ( 1949a), Stickel ( 1954), 
Branl (1962), Brown (1962; 1966), anderson (1966), Jewel l (1966), Van Vleck 
(1969). Delany (1974) and flowcrdew (1976) give excellent brief summaries. 
Flowerdew ( 19 7 G) divides techniques or· calculating borne range sjze inlo mapping 
method and stati tical methods. lost mclhods require grid trapping, which was nol 
used in Lhe present study. Tracking technique , both direct and indirect (described 
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by Flowcrdcw, 1976), arc also uscl'ul as an adjunct to trapping methods, and help 
overcome criticisms of these methods, discussed below. Tracking was, however, not 
practicable in the present study . 
Sanderson ( 1966) gives a complete survey of studies on mammalian movement. 
Brown (1962; 1966) reviews th~ topic of home ranges. Two early papers cited 
above, Ilayne (1949a) and Stickel (1954), had an enormous influence on the develop-
ment of certain techniques. Hayne (1949a) introduced the concept of centre of 
activity in discussing movement patterns. Stickel ( 1954) gave a most precise descrip-
tion and appraisal of the various mapping techniques for home ranges. More recent 
papers often paraphrase her. She also showed that known· range length usually 
increases to a plateau after a fixed number of captures. Van Vleck (1969) noted 
that if the number of -trap stations is used rather than the number of captures, then 
the increase to a maximum is more direct. He suggested that the effect of trap 
habituation is also eliminated . 
Burt ( 1943 : 351) defined home range as "that area traversed by the individual 
in its normal activities of food gathering, mating and caring for young". With minor 
modifications, this definition is the one most commonly used today. Although the 
definition is simple and concise, the concept becomes exceedingly complex once 
measurement is attempted. Many authors, including some of those above, are 
critical of the concept of home range. Brant (1962:124), who provides some lucid 
and constructive criticisms, stales: " .... it would be difficult at this Lime to salvage 
enough of the home-range concept (Burt, 1943) Lo use it to interpret the movements 
of small mammals quantitatively". Briefly, the difficulties are that (i) mammals 
tend to use some areas more frequently and intensively than others (Brant, 1962), 
(ii) they have no fixed limits to their wanderings (Dice and Clark, 195 3), (iii) the 
size and shape of ranges may vary from week to week, season Lo season and year to 
year (Yerger, 1953). . 
The limits imposed by live-trapping have also been well debated. Three major 
problems arc : (i) the number of captures influences range length and size (Stickel, 
1954; Brant, 1962); (ii) trap spacing also affects range length and size (Stick el, 1965); 
(iii) trapping restricts all further movement until the animal is released . Tanaka 
(1963.: cited by Sanderson, 1966) suggests that the last point is unimportant. 
Certainly many studies have shown that transients can quickly cross a grid and 
disappear. Trapping may tend to limit the movements of a resident ani mal during 
th trapping ession, however, and certainly influences the movements of what 
Delany (197'±) calls "trap-addicts". 
In conclusion, Sanderson (1966) sums up the case against the home range concept 
by aying lhal emphasis should be placed on a mammal's specific needs under all 
circum Lan cs all year rather than the distance it moved, the shape of its home 
range, or the area covered. Ile considered these last questions will be answered 
only by finding out why an animal is in a specific place at a particular Lime. 
Brant (1962) talks of ge neral movements in three-dimensional space as an alter-
native lo accounts of home ranges a areas. Ile uses two indices of movement: (i) 
mean di lance between succes ·ive captures (D) and (ii) mean maximum distance be-
tween cap lure (t\1), which i the same as the average observed range length (AORL) 
of lick ,1 (1954), mentioned in 3 .2.3. Batz li (1977) also avoids the u e of the home 
rang· . He ay : "t\lovemenl can be con idered on a short-term basis ( distance 
between aptures during the same trapping session) or a long-term basis ( dis lan ce 
be l ween fir t cap turc m two uccessive trapping ses ions)". The former is the 
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same as D above. Batzli found for while-fooled mice (Peromyscus leucopus) lhat 
both followed a similar pattern, and that the mean of the long-term index was only 
5 Lo 10 m greater than that of the short-term index. 
In lhc present study D and Marc used as indices of movement within each session. 
Balzli 's long-term index: the distance bet ween first captures in successive sessions, is 
used as an alternative for comparison with these. The time of the session and between 
sessions also has a funclional relationship with each of three indices. Each is used 
only as a basis for attempting to identify relative seasonal differences. 
Since none of lhc three indices has any known biological meaning, and because 
time, trap spacing, locality, terrain and other unknown variables may influence the 
estimate, no absolute comparisons arc made with the findings of other studies on 
bushrals, even though some (Wheeler, 1970; Wood, 1971; Freeland, 1972; Robinson, 
19 7 6) have used D and M, or M alone . Relevant conclusions from these studies arc, 
of course, mentioned. · 
I his discussion of movement has been biased against the methods of measuring 
home ranges. An alternative view is given by Lunney (1978), who studied an isolated 
population of the eastern swamp rat ( Rattus lutreo lus) on the coast sou th-east or 
Canberra. Lunney ( 19 7 8) used a large grid and measured home range size by the 
mapping melhods, described by Stickel ( 1954). His findings arc a good illustration 
of one aspccl, described in 3.4.2, in which lwo-dimensional home range measure-
ments may be more useful than one-dimensional range lengths. 
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3.3 Results 
3.3.1 General 
,, 3 
..) . 
105 individuals were captured a total of 490 tin1es in 4704 t rap night s o n the 
study area . On the n1ain trap line l 04 individuals \'\'ere caugh t 4 69 ti1nes in 3836 
trap nights and on the transect line 14 rats were cau ght 21 tin1es in 868 t rap n ights. 
Trapping success for the whole area, the main trap line and the transect line , was 
1 0 .--1, 1 2 .1 and 2 .4 % . 
Of the rats caught on the transect line, two ( 1 juvenile and 1 adult fen1ale) v:ere 
caught three times out side the v1et bottom of the valley (fig. 3). Both wer cau ght 
on the bare hillside (fig. 3) : the adult (F) was 20 m and the juvenile QF) 40 and 45 
m beyond the valley floor. Neither was caught again . These captures out side the 
valley floor represent a trapping success of 0.5% in 560 trap n ights . This demon-
strates that bush rats did not readily move beyond the confines o f the valley floor, 
as was postulated in 3 . l. 2 and 3.2. 3 . In comparison, during the session in August, 
1977, in which the trap line was extended by 20 traps at either end for two n ights , 
one marked individual (?v1) and four unmarked rats (2.M, 2F) were captured on ten 
occasions in 80 tral nights. This is a trapping uccess of 12.5%, and snggests that 
the propo al in 3 .L2, predicting a restriction of n1ovement Leyond the e_ d s of the 
trap line, is ""Tong. Finally, the trapping succes for the part of the transect Ene 
within the valley floor is only 5.8% (18 captures in 308 trap nights), which suggests 
indirectly that rats concentrate their activity along the creek. 
The ratio of m ales to female captured in each session on t h e stud y area ·anged 
from 2.0:1 to 0.4:1 ; the sex ratio for all the sessions combined was 0.99 (88 :89) . 
The sex ratjo for rats captured outside the study area, furth er up the valley , \,vas 
1.07 (91 :8 5) . This result includes animals cap tured in survey trapping, as well as 
those selected for the samples described in 3.2. l. Hence , both on the st udy area and 
off it, the se· · ratio was about 1. 
\Vb.en the actual individuals caught on the st udy area were t allied, without r ega rd 
to ses ion, the result was rather different. Fifty-eight males and 4 7 fem ales ·were 
caught, giving a ratio of 1.2: 1. The mean nu1nber of captures for m ales was 
3.97 ± 0.45 and for fe1nales 5.53 ± 0.74 (p = 0.031, t-t es t). Assuming that 1 :1 is 
the true sex ratio, this result could m ean that m ales move aro1.~nd more tha..ri fe males 
and are more transien t , and in consequence that the sample of n1ales is draw.1 fro m a 
larger area. iiore evidence to support this hypo thesis is given below. 
3.3.2 Determination of age of live rats 
Head I ngth was us ed for de terrnining the age o f live ra ts. A.n aim in 3. 2.2 (and 
3.2.3) was to test the valjdity of us ing the lab orato ry curves (equations l and 2), 
to calculate the age o f rats in the ·wild. Two problem s were enc0t1.ntered : 0) head 
length c uid not b measured a~ accur ately on an an aes d 1etised rat as on a dead 
one (Appendi 2.1), (ii) the lab oratory curves could no t b e inv tiga tecl d irect ly. 
Tv1-·o indir ct approaches a re described below. 
(a) In figu res 5 and 6 h ead lcnrrths mca5urcd in th e field arc comp are d wi th t h e 
two lab ora tory curves . The so lid line on e ;-i ch represents equation 1 an d equation 2, 
respec ti ·el>. The informatio n is indirect becau. c the age of f3t5 c::w gh t in the fie ld a l 
fir s t capturf' , could only b e e ,_ tim21Lcd. f h e po ints were calculated , by assuming t hat 
the age o f fj::-s t apture wa t hat given by equation l o r 2 . On subsequent rec;iptures , 
the ac~u al heJd leng1h w a - pio t tcd a~~msc the initial Pstim.J.te plus the 1·n()wn t jn1e 
interval which h ad expired .For an _· individual it \.\'a - therefore nece~ ary t o ha·,c ~ wo 
captur · for one p oin t o n th e gr;. ph, three for t wo po ints and so on. The mean 
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Figure 5 Determination of age of live males in the wild. Solid line is laboratory curve, 
equation 1. 'Squares' are values for field males (N = 18, 13 individuals). 
Method described in text. 
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Figure 6 Determination of age of live females in the wild. Solid line is laboratory curve, 
equation 2. 'Triangles' are values for field females (N = 35, 19 individuals) . 
Method described in text. 
Determination of age of live rats 3.3 .2 
in tcrval in days between captures from which the points were calculated was GO ± 6 
for males and 71 ± 5 for females. The regression eq ua_tions for the points in figures 
5 and 6 arc as follows. For males, r = 0 .84, null hypothesis: p = 0.01 x 1 o-3 , t-test 
(explained in 4.1.8): 
loge(age) = 0.0183(head length) - 2.6192 
For females, r = 0.95, p <0.0lx 1 o- 9 : 
loge(age) = 0.0258(head length) - 5.6140 
( 11). 
( 12). 
These equations are very similar to those of the ~aboratory curves, equations 1 and 
2; but the laboratory curves tend to slightly underestimate the age of rats in the 
field in figures 5 and 6. This is not surprising as the rats in the laboratory were 
supplied with food ad libitum and were growing faster. But equations 1 and 2 are 
not replaced by equations 11 and 12, because the latter were (i) calculated from 
small samples and (ii) the head lengths of live rats were measured less accurately 
(Appendix 2.1). 
(b) Another way of looking at age determination is shown in Figure 7. The 
estimated age of an animal at first capture is extrapolated to determine its month of 
birth. Only animals less than 300 days of age were used. Most of the rats were born 
in mid-summer, which agrees with the findings of other authors for R. fuscipes 
CWheeler, 1970; Warneke, 1971; vVood, 1971; Taylor and Horner, 19736; Robinson, 
1976). 
Five aberrant rats were apparently born in winter (Ju_ne,July and August). These 
rats were all close to 300 days of age and the result is considered as an indication of 
the inaccuracy of the technique. This is important because, as is shown in Figure 7, 
births fall into obvious year classes or cohorts, but the extremes of each year class 
tend to overlap. The decision on where to place these animals was based on the fact 
that the equations used for age determination tend to underestimate age: con-
sequently animals apparently born in winter were probably older than was estimated. 
For example, if figure 7 is considered as the result for a single year, then the animal 
apparently born in June (on the right of the figure) will be taken as a member of the 
year class, whereas the rats born in July and August ( on the left) will be relegated 
to the previous year's cohort. Hence, rats in the wild can be placed in their correct 
cohort or year class with very few errors, especially (as is shown in the next section) 
becau e there are never more than three cohorts in the pDpulation at any one time. 
Despite the limitations mentioned, the two approaches show that the curves 
calculated for estimating age in the laboratory can b e used with wild rats in the 
field. Further information on age determination of rats trapped in the wild is 
presented in 4.2.2. 
3 .3 .3 Population structure 
The numbers caught on each of the trap se sions and the structure of the popula-
tion are summarised in tabk 1. The highest numbers were 29 in J anuary, 197 7 and 
28 in March, 1978. The emergence of the new juvenile of the year caused these 
hi gh numbers, especially in 1arch, 1978. The lowest number were in late winter, 
16 in July and 17 in August. But differences throughout the year were not very 
great. A slight surge in numbers is expected after the breeding season, when new 
recruit appear in the population . Otherwise, there was little variation in numbers 
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Figure 7 Month of birth of live rats on study area. Age at first capture (estimated from 
head length) extrapolated to give month of birth, for all rats <300 days. 
Bar indicates winter. 
,_____ - - - -
1977 19 78 
January May June July August De ce mber !\ l arch i\lay 
:"\ o. days of trapping 5 2 4 2 4 5 3 3 
No. caught 29 18 26 16 1 7 20 28 25 
Trapping mortality 6 (2 F o, 1 Mo, 0 4 (2 F0 , 1 M0 , 1 ( 1 Mi) 0 1 (l l\11 ) 1 ( 1 JF 2 ) 1 (1 F 2) 
3ji\11 ) 1 M 1) 
:\linim um known alive 23 19 22 15 1 7 19 27 24 
Recap tu res - 6 11 15 15 6 5 1 7 
New animals 29 12 15 1 2 14 23 8 
Cohort (0) 14 (8 t\1, 6 F) 7(2M,5F) 5 (5 F) 4 (4 F) 4 (4 F) 2 (2 F) 2* (2 F) 2 (2 F) 
Cohort ( 1) 9(5JM,4 J F) 12(10M,2F) 17 (12M,5F) 11 (8 M, 3 F) 13(9M,4F) 17 (101\1,7F) 9(2l\1,7F) 6(1:\1, 
5 F) 
Cohort (2) - - - - - - 16 (6Ji\1, 6JF, 16(3Ji\1, 
ll\1, 3F) 3 J F, 
3 \I; 
7 F) 
* 1 disappeared, 1 immigrant (between Dece mber and March) 
Table 1 Population structure on study area. Recaptures+ new animals= number caught. Sum of cohorts= minimum known alive. J\1inimum known alive= number 
caught trapping mortality (except in May, 1977: see text). M = mal e, F = female,J = juvenile; Fo = female from cohort (O);j \1 1 = juvenile mal e from 
cohort (1) and so on. 
Population structure 3.3.3 
throughout the year and it is surmised that population size on the study area 1s 
stable. 
Trapping mortality ( lab le 1) is artificial mortality caused by the process of 
trapping. The high figure in January, 19 7 7 included 4 rats killed by the toxic side-
effects of sun-warmed ether and 2 eaten by the fox. In May, the trap.ping session was 
curtailed because of the fox, but there was no evidence of direct trapping mortality. 
In June 4 r~ts and in July 1 rat died of exposure to freezing rain on the last trap 
night. The remaining 3 trap deaths were of undetermined cause. The minimum known 
alive at the end of a session ( table 1) is the difference between the number caught 
and the trapping mortality, in all cases except May, 1977. In May one rat was known 
to be alive, but not caught. It was trapped in January and again in June. It was in 
fact probably trapped on the second trap night in May, but was released from the 
trap by the fox. 
The next two lines of table 1 divide the number caught into recaptures and new 
animals . ·obviously, all rats caught i!1 January, 1977 were new. Although numbers 
are stable, there was a high rate of population turnover, except in July and August. 
The result for July and August r:eally represents the whole, winter, that is, from the 
end of trapping in early June, until August. The turnover in five of the other six 
sessions can be partly explained by ·recruitment of animals born on the study area in 
the previous two months. All the new animals caught in December were born in 
the previous breeding season, hence, all were immigrants. The alternative, that 
these rats were simply untrappable in earlier sessions, is unlikely, as is shown in 
3.3.4 et seq. 
The final three lines of Table 1 divide the minimum known alive into year classes 
or cohorts, as described in 3.3.2. Members of cohort (0) were adults in January, 
1977 and were born in the previous breeding season. Cohort (1) were the progeny 
of cohort ( 0) and were born in the 19 7 6/197 7 breeding season. Cohort (2) were the 
progeny of cohort (1), though two females of cohort (0), still alive, may also have 
contributed to cohort (2). There were no · cohort (0) males left by the 1977/1978 
breeding season. Rats born in the first half of the breeding season may also reproduce 
in the second half, before their first winter. No juveniles were captured in December, 
1977, but indirect evidence (fig. 7) indicated that some animals, which should be 
trappable by December, were born in September and October. This evidence is 
supported by findings presented later ( 4 .2 .2, fig. 13). There was direct evidence of 
animal born late in the breeding season. Two juveniles (lM and lF) -17 (15 to 19) 
days of age were trapped on 2 May, 197 8 and were thus born in the second or 
third week of April. They weighed 32 g (M) and 27 g (F) each. 
3.3.4 Confidence in e timation 
'fable 2 summarises the results of estimating population size with three [requen cy-
of-capture models, described earlier ( 3 .2 .4). Estimations were not attempted for May 
or July, 197 7 because the trapping period was only two days. In all other cases a 
zero-trun ated Pois on distribution was the model of best [it. The Poisson distribu-
tion shows that animals may be equally catchable (3.2.4), which the other two 
di tribution do not. The model fits the ob erved information well, except in August 
and December, 1977 . Refer lo figure 4 (3.2.3) on cumulative capture frequ encies 
for each trap night. The result for August is explained in the caption: all rats were 
caught on the first night and on each subsequent trap ni ght and so, of course, the 
curve i a horizontal straight line, which cannot be truncated to zero . The curve for 
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1977 1978 
January May June July August December March May 
No. days of 
trapping 5 2 4 2 4 5 3 3 
No. caught 29 18 26 16 17 20 28 25 
Estimated no. 
present 31.3 28.0 1 7.4 20.5 32 .8 28.5 
x2 0.56 1. 71 8.60 6.91 2.11 3.11 
df 2 2 2 2 2 2 
p = 0.76 0 .43 0.01 0.03 0.35 0.21 
Table 2 Estimation of popul3;tion size with three frequency -of-capture models. Model of best fit (all 
sessions) was zero-truncated Poisson distribution. Sessions of 2 nights not estimated. x2 
gives goodness of fit. 
onfidence in estimaLions 3.3.4 
December in figure 4 is visually different from the Janu ary and June curves. This 
is the graphjcal representation of the result in table 2. Unlike the result for August, 
which is trivial, the ¼-esult for December is important but an explanation requires 
further in formation which is given in the sub-sections to follow. 
The figures from table 2 were used to determine an index of catchability. Trun-
caled frequency-of-capture models can be used to estimate the untrappable segment 
of the population (Tanton, 1965; Delany, · 1974). The zero class, that is, animals 
which arc never caught, is the difference between the number estimated and the 
number caught. Percent catchability (table 3) is the number caught divided by the 
number estimated x 100. Conversely, percent trappability is a measure of the 
number of times an animal, once caught, is missed on any trap night, while it is still 
known to be alive . Equation 7 (3.2.4) gives the formula for calculating trappability. 
The major finding in table 3 is that both measures, based on completely differen_t 
methods, give similar results. The catchability figure for December is, perhaps, 
su pect, since the Poisson model in table 2 does not fit well for December. The 
values in table 3 are very high in comparison with other studies, such as that of 
Krebs et al. ( 19 7 7). This suggests that the results of trapping are reliable and are 
representative of the population. 
3 .3 .5 Analysis of social behaviour. from trapping results 
Tables 4 and 5 give a summary of findings on social behaviour from the results of 
Lrapping (3.2.4; Appendix 1.3). The first question (table 4) deals with what is 
essentially the same as trappability in table 3. The answer to the question: Arc the 
sexes equally trappable?, is yes, except for December and possibly January. The 
"sexes" refer to 3 categories : males, females and juveniles, in January, 19 7 7 and 
March and May, 197 8. The result for December is reminiscent of the poor fit of the 
population estimation model for December (table 2; 3.3.4) and of the lower mean 
number of captures for males in all sessions ( 3 .3.1); this is expanded later. The 
findings for January are equivocal: (p>0.05 ). The result for juveniles is unimportant. 
J anuary wa the first month in which the young of the year become common in 
traps. Hence, the emerging juveniles were in a period of transition from being 
completely unlrappablc to becoming as trappable as Lhe adults. The olher possibility, 
that adult males may be more trappable than expected, cannot be tested further. 
1 he second question ( table 5) is: Are the sexes equally involved in multiple 
captures? A multipl capture is defined 1-iere as a rat caught in a trap, which has 
previously held another rat (3.2.4) . More generally, the question is: are rats involved 
in multiple captures more often than they are caught alone, and is there any difference 
between "sexes" or categorie ? The only session for which the probability of the 
null hypo thesis was low was again December, 19 7 7. In December, males were very 
interested in other rats and females not. 
The third que Lion is whcLher animals are aLtracLed or repelled by a parLicular 
x . In the present tudy, the method failed here because there were insufficient 
findings for meaningful analy es. The re ults for adults for all sessions were pooled. 
They showed thaL over the ·enlire year neither sex showed any preference or aver-
sion for their own or the other sex (p = 0.31; X2 (2 x 2) contingency tables). 
In summary, the important finding is that males were less trappable at the peak 
of the breeding sea on, in December; but those Lhat were caught were aLLracLed to 
the odour of other rats, wher as females were not and may even have been repelled 
by all or certain rat odour . 
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1977 1978 
January May June July August December March May 
No. days of 
trapping 5 2 4 2 4 5 3 3 
No. caught 29 18 26 16 17 20 28 25 
(Estimated no. 
present) (31.3) (- ) (28.0) (-) (17.4) (20.5) (32.8) (28.5) 
% Catachability 93 93 98 98 85 88 
% Trappabili ty 84 91 95 94 100 99 95 89 
Table 3 Catchability: two measures of confidence. Percent ca tchability (number caught/number 
estimated x 100) measures relative size of untrapp ab le class. Percent trappability (number 
caught/ minimum known alive x 100) measures individuals missed/trap night, while still 
alive. High values give confidence that trapping results are representative of the population. 
Are the sexes equally trappable? 
January May June July August December March May 
? yes yes yes yes no yes yes p= 0.07 0. 70 0.83 0.69 0.98 0.05 0. 78 0. 77 
Conclusion: December - Males less trappable, females more trappable than expected. 
January - Males more trappable, juveniles less trappable than expected? 
Table 4 Analysis of social cohesion or dispersion, from trappinf Proposal 1: Equal trappability 
of categories. Probabilities refer to (2 x 2) or (2 x 3) X contingency tables. Method 
described in 3 .2 .4 and Appendix 1.3. 
Are the sexes equally involved in multiple captures? 
males females 
December 1977 single captures 10 28 x2 = 8.42 
multiple captures 22 15 df = 1 
p = 0.0037 
Conclusion: A higher proportion of male captures are multiple than are female captures. 
Table 5 Analysis of social cohesion or dispersion, from trapping: Proposal 2: Attraction to other 
individuals. Method described in 3 .2 .4 and Appendix 1.3. 
urvival and dispersal 3.3.6 
3.3 .6 Survival and dispersal 
Of all the information presented in 3.3 that on survival and dispersal is thr leas t 
convincing. Emigration could not be distinguished from death, and so mortality and 
dispersal are confounded. Survival ( table 6) is used- rather than mortality to 
indicate that the results are based on animals known to survive between trapping 
sessions. The distinction, however, is a fine one because, although the figures for 
survival are quantitative, they do not necessarily represent the population, since it 
is not known whether the rats that disappear died or dispersed. There are few studies 
of mammals in which these variables are not confounded (Caughley, 1966) and, 
perhaps, no study of a natural population of small mammals is free from criticism 
on this ground. Of the figures presented for dispersal (table 7), (i) immigrants and 
recruits were not fully separable, except for July, August and December; and (ii) the 
results for emigration, based on assumptions given below, are little more than 
guesses. 
Survival in table 6 is presented as a 30-day rate, not in absolute figures, so that 
survival between sessions can be compared. Five conclusions may. be drawn from 
table 6: (i) in winter (June to August, 19 7 7) the survival of all age classes was good 
and apparently ( the exception was cohort ( 2) females) higher than at any other time 
of year; (ii) survival of females was better than males, except perhaps as juveniles; 
(iii) the survival of juveniles, cohort (1) from January to June, 1977 and cohort 
(2) from March to May, 1977, was probably worse than that of adults; (iv) females 
lived longer than males did; all cohort (0) males had disappeared by June, 1977 at 
about l½ yea.r:s of age, whereas there were still cohort (0) females left in May, 
1978 at over 2 years of age. (v) Old females (over 1 year of age) survived very well 
indeed, but there were very few left by the end of 1977 (table 1) and, through 
natural attrition, there shoul-d be none left when cohort ( 3) appears. 
Table 7 gives information on dispersal. Immigrants and recruits were calculated 
from the new animals in each session ( table 1). An attempt was made to separate 
r cruits from the immigrants by calculating which animals were born in the second 
half of the breeding season. These animals are considered as recruits, even though 
some of them may have been born outside the study area. Once the recruits are 
removed, no obvious· pattern of immigration emerges. Immigrants seem to be 
representative of the population; males may be more likely to immigrate than 
females and young adults more likely than mature adults; but the situation is 
unclear. 
Probabl emigrant were rats which were apparently moving out of the study area 
al their last captures . They were either : (i) rats which were caught within 70 m of 
the ends of the trap line and whose direction of movement was away from the study 
area, (ii) rats which were caught outside the wet valley floor on the transect line , 
(iii) rats which moved more than 200 m, at last capture. There was no obvious 
pattern of emigration. 
3.3.7 Movement 
Table 8 surnmari e the findin gs on movements in summer and winter. Movement 
in win ler is apparently les than in summer . 
S tali ti call y, however, the result is not convincing. Maximum distance between 
captures ( 1), for male and females combined, was the only sea onal difference 
with a probability < 0.05. Male obviously contribute more to this finding than 
females ( table 8). The pattern for mean distance bet ween captures (D) is similar but 
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1977 1978 
January May to June to July to August to December March to 
to May June July Augus-t December to March May 
Males 0.68 0 
Cohort (0) Females 0.90 1 0.84 1 0.82 0.81 1 
Total 0. 79 0.75 -
Males 0.64 0.56 0.74 1 0.65 0 0.65 
Cohort (1) Fem ales 0 0.56 0.68 1 0.82 0.84 0.81 
Total 0.54 0.56 0. 72 1 0.72 0.64 0.78 
Males 0.59 
Cohort (2) Females 0.70 
Total 0.65 
Table 6 30-day survival rate. Figures are probability of surviving each 30 days. P3 0·d = P~ bs: 
where P30-d is 30-day survival, Pabs is absolute survival and n = time in days between 
sessions/30. 
Immigrants+ 
recruits 
Probably not 
immigrants (Born 
between January and May) 
Probable 
emigrants 
cohort (0) 
cohort(!) 
cohort (2) 
January to 
May 
1 ( 1 F) 
11 (9M,2 F) 
5(4M,1F) 
3(1Mo, 
1 F O, lJ F 1) 
May to 
June 
2(2 F) 
:,:: 
13 (9M,4 F) 
5(41\1,1 F) 
1977 
June to 
July 
1 (IM) 
3(1Fo, 
I'M 1, 1 F 1) 
July to 
August 
2(H\1,1F; 
August to 
December 
1 ( 1 F) 
13(9M,4F) 
4(1Fo, 
2M1,lFi) 
1978 
De cember to 
March 
1 ( 1 F) 
5(2M,3F) 
17(7M,10F) 
15(6M,9F) 
(1 F o, 4 
2M1, 
lFi) 
March to 
May 
8(31\I,5 F) 
6(31\1,3 F) 
1 (1 Fi) 
Table 7 Inferences on dispersal. New animals (table 1) = recruits+ immigrants. Rats born in second half of breeding season are more likely recruits. Method for probable 
emigrants described in text. M = male, F = female, J = juvenile; Fo = female from cohort (0), M 1 = male from cohort (1) and so on. 
I I 
Mean ilistance 
between captures 
Maximum ilistance 
between captures 
Males 
Females 
Sexes 
combined 
Males 
Females 
Sexes 
combined 
Summer Winter p= 
26.9 ± 11.1 (14) 11.0 ± 2.0 (30) 0.108 
14.8 ± 2.2 (16) 1 6. 9 -± 3 .4 ( 2 2 ) 0.401 
20.3 ± 5 .3 (30) 13.5 ± 1.9 (52) 0.072 
68.3 ± 30.9 (14) 20.9 ± 4.6 (30) 0.068 
32.8 ± 5.5 (16) 31.7 ± 7.8 (22) 0.157 
49.4 ± 14.8 (30) 25.4 ± 4.2 (52) 0.025 
Table 8 Summer and winter movements. Mean distance be tween captures (D) and maximum 
ilistance between captures (M) within· each session, for summer U anuary, December) 
and winter Uune,July, August), 1977. Figures are means± standard errors; Nin 
brackets. Probabilities refer to Mann-Whitney U tests. 
January May 
N 4 
Cohort (0) m eans 124.3 113.0 
Cohort ( 1) 
Cohort (2) 
p = 0.026 
N 
means 
p = 
N 
means 
p= 
N 
Cohort (O+ 1) m eans 
p = 
* two-tailed test 
May June 
4 
108.0 112.3 
0.209 
6 
99.8 98.1 
0.6 71 * 
1977 
June July 
4 
118.5 114.8 
0.204 
11 
94.6 
-1 
94.8 
1978 
July August I August December I December March I March May 
4 
114.8 106.5 
0.020 
1 1 
95.0 99.1 
0.05 7* 
2 
106.5 125.0 
0.13 7 
4 
100 .8 124.3 
0.004 
6 
102.7 124.5 
0.001 
1 2 
130.0 124.o I 12 2.0 115.o 
4 
114.0 113.5 
-1 
5 
117.2 115.6 
0.402 
0.271 
6 
106. 8 102.8 
0.091 
8 
65.8 83.3 
0.01 X 10-2 
8 
110.6 105.9 
0.048 
Table 9 Seasonal body weights on study area. Results presented as paired means between sessio:is. Cohorts treated separately. By end of winter, young of year are 
mature, few adults of previous cohort left and it is appropriate to pool them. Probabilities refer to paired comparisons t-tests. Tests are one-tailed except 
where indicated. 
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Figure 8 Seasonal body weights on study area . Discontinuities are caused by different 
animals surviving between sessions. 'Circles' are cohort (0), 'triangles' are 
cohort (1), 'squares' are cohort (2). Winters shaded. 
Movements 3.3.7 
there are no statistical differences. Further figur es for D and M, for each separate 
trapping session are given in Appendix 1.4 (table 19), as are figures for the distance 
bet ween 1st captures for successive sessions ( table 2 0) . 
Appendix 1.5 gives the results of a trapping study conducted on a larger grid at 
Mountain Creek, about 15 km NNW of Lees Creek, in 1974 and 1977. This 
information was kindly provided by J. Mcilroy of the CSIRO Division of Wildlife 
Research. Again the figures are equivocal, but they are a useful comparison and 
provide some points for discussion (3.4.2). 
Ther were no differences between the means for males and females in table 8 
(Mann-Whitney U test). The mean maximum distance (M) between captures for all 
sessions combined was 54.5 ± 14 m for males and .54. 7 ± 11 m for females. Hence, 
males seemed not to move more than females. The conclusion, however, is mislead-
ing as is discussed in 3.4.2. Figure 36 in Appendix 1.6 shows that 1\1 is weakly 
correlated with the number of captures but that the regression is fairly strong 
(r = 0.32; p = 0.001). Hence, M rises slowly as the number of captures increases. 
M cannot increase indefinitely, but within the limits of this study the curve does not 
plateau. 
3.3.8 Body weights 
Tabl 9 and figure 8 present the same information in a· different way. Table 9 
give body weights as paired means for rats which survived between each two 
trapping sessions. Paired comparisons t-tests were used to analyse the information. 
Two-tailed tests were perforn1ed when the result was the reverse of that predicted 
([rom findings in 4.2 .3). Cohorts are given separately; but cohorts (1) and (2) were 
also pooled from August, 19 7 7 to May 19 7 8. This is practical because there were 
few rats left in cohort (0) and by August the young of cohort (1), were mature. 
Males and females were not treated separately because the sample sizes were low. 
Body wei ghts were not age-corrected (see 4.1.8). Since the information was analysed 
as matched pairs, correction for sex and age was unnecessary. 
_ The probabilities in table 9 indicate the inferences which can be drawn . The 
trends, however, are easier to explain by referring to figure 8 . Cohort (0) declined 
in weight from summer (January), 1977 to May, 1977. There was an apparent, 
but not statistical increase between May and the beginning of winter (June). There 
wa a further decline in weight across the winter to August and an increase to a 
peak the following summer (December), when the cycle appeared to begin again. 
The pattern for cohort ( 1) is similar, but in May, 19 7 7 and in their first winter 
(June, July, August, 1977) body weight was at a piatealJ and not declining. Cohort 
(2) wa obviously still in a rapid growth phase, after weaning (March, April, May, 
1978). If the curve for cohort (2) is moved across to the corresponding months in 
19 7 7, then the pattern for cohort ( 1) is revealed more clearly. In 1arch, April and 
May, 1977 cohort (1) would h ave been in the rapid growth phase exhibited by 
cohort (2). Growth ceased for the winter-and resumed the following spring. Note 
the marked similarity in body weight of cohort (0) and cohort (1) at the end of the 
winter, in August. 
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3.4 Discussion 
3.4.1 The population on the study area 
The main aim is to construct a portrait of the population from the evidence in 
3.3. here were inherent weaknesses in some of the techniques used (discussed in 
3.2 .4), and some weaknesses in the findings were indicated in 3 .3. The results were, 
nevertheless, fairly rigorous. Several divergent ways of looking at the population 
were used and in most respects the different approaches overlapped and supported 
one another. Information on frequency-of-capture models showed that the results 
of trapping could be taken, with some confidence, as representative of the popu_l-
ation . Differential catchability showed that m ales and females were equally 
catchable, except in December when the mal es were caught less frequently. With 
head length as a m eans of estimating age, the population could be divided accurately 
inlo year-classes or cohorts. 
Rats were shown to be restricted to the wet valley floor in their normal activities. 
The sex ratio on the study area and throughout the valley was about 1: 1. More 
individual males were caught on the study area, but females were caught m ore often. 
The tests on catchabiJity suggested that these differences should be concentrated in 
December. Males sought out other rats in December, whereas females did not. 
The findings for emigration were dubious. Immigration could be measured 
accurately if the bulk of the young of the year were considered as recruits, desp ite 
the possibility that some may have been born outside the study area. Immigration 
was apparently representative of the population structure on the study area , but the 
results were equivocal. More males than females were immigrants in December 
(9 M, 5 F). 
Survival was a measure· of animals known alive, because it could not be 
asc rtained whether rats which dis appeared died or dispersed. The survival of 
juveniles was apparently low and the survival of males in the breeding season 
extremely low, but boLh may have been due to dispersal rather Lhan to direct 
mor taliLy. Survival of adult females was good and did not appear to decline as they 
grew older. Survival in winter of all age classes was excellent. Movements were 
greater in summer t:han in winter, but this was mainly because males moved more in 
summ er. 
Wh en all the information is accumulated a reasonably clear and simple 
picture m rges. The young of the year became common as trappable juveniles from 
J anuary . The survival of these young was lower than that of adults, though whether 
they di d or dispersed was n ot clear. After the winter, males and females came into 
breeding condition . December was the peak of the breeding season. The males 
m oved about 1nore and were strongly attracted to other rats. During this time the 
sample of males sho uld have been drawn from a larger area than the study area and 
it is sugge Led that this explains the higher number of males, caught less oflen Lhan 
female , if as is indicated by other evidence the sex ratio was about 1: 1 . 
B tween December and larch , becaus e all the marked males disappeared, it is 
ugge ted that males <lisper e widely during the breeding season. 
Population size did nol fluctuate much throughout the year. Population turnover, 
in cont ra t, was high, parl of which was due lo recruitment in the breeding season 
and the re L to dispersal . \,Vin ler was the mosl table Lime of year, turnover was low 
and a ll ag la es survived well. 
There are n ever m ore than three cohort in the population at one time. Females 
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live longer than males. All adult males are dead by about one and a half years of 
age, whereas females may survive for more than two years. The proportion of 
females about two years of age during the breeding season is low, but they may 
contribute to the second generation. All these old fem ales will be dead before the 
third generation appears. However, females born early in the breeding season may 
reproduce before their first winter. Hence, a female may contribute to 3 generations; 
her own and two more. 
The implications of seasonal body weights on the study area are discussed later, 
in 4.3.8 and 5.3.1, respectively. 
3.4.2 Other studies in Australia 
The minor fluctions fo\lnd in population size are similar to findings for R. 
fuscipes by other authors (Taylor, 1961; Wheeler, 1970; Warneke, 1971; Wood, 
1971; Freeland, 1972; Leonard, 1972; Taylor and Horner, 1973b; Robinson, 1976; 
Fletcher, 1977). Taylor and Horner (19736) state that the breeding biology of all 
native Australian Rattus is similar, which makes the marked differences in breeding 
potential between the species interesting. Lunney ( 19 7 8) postulates that breeding 
response is inversely- proportional to the stability of the environment, and he 
compares the plague type reproductive patterns of R. sordidus villosissimus in 
Australia's arid areas with the stable forest sub-species R. fuscipes assimilis. Lunney 
(1978) does, however, comment that a greater reproductive flexibility may be latent 
in R. fuscipes. 
The high rate of population turnover found in this study is also similar to that 
reported by other authors. Two of the most complete studies of populations of 
R. fuscipes, by Wood (1971) and Robinson (1976), concern the same subspecies, 
R. f.assimilis, as in the present study. Robinson (1976) defined three periods of low 
survival in the life history of each cohort: (i) between April and July, associated 
with juvenile dispersal; (ii) between November and January, among males; (iii) 
between May and July at one and a half years of age, in post-reproductive animals 
of both exes. These findings agree fairly well with the findings of the present study, 
except that juvenile "dispersal" was somewhat later on Robinson's plot and in the 
present study females did not show a decline in survival at 1 ½ years of age. 
Robinson's ( 19 7 6) use of the term "dispersal" is not accurate because he could not 
separate death and emigration, as in this study. Wood ( 19 71) suffered the same 
problem, but he defined di persal operationally as an index of movement, that is, 
directional movements greater than 183 m . Wood's (1971) findings of survival are 
virtually identical with those in this study, but more comprehensive. Seasonally 
the temperature pattern in each study was similar; but Wood's area in southern 
Queensland had a mild climate and Robinson's site in Sherbrooke Forest, although 
a similar habitat to Lees Creek, had warmer winter temperatures. 
The findings on movement in the prcsen t sludy were less than satisfactory, 
because there was only one statistical difference between means. Wood ( 19 71) 
used the same measures of :t\1 and D, as in this study; but, because his inforn1ation 
wa ba ed on four years of findings, his results are more rigorous . He found that: 
(i) male mov men ts were greater than those of females; (ii) females showed little 
variation in movement between summer and winter; (iii) male movements were 
great r in ummer; (iv) adult movements were greater than those of juveniles. The 
last three findings confirm those shown and merely suggested in the present 
study. 
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The most extensive analyses of home ranges for Rattus in Australia are provided 
by Robinson (1976) on R. fuscipes and Lunney (1978) on R. lutreolus. Both 
au th ors u ed mapping techniques (3.2.4); Robinl,on used the exclusive boundary 
strip method and Lunney used all three methods (described by Stickel, 1954). 
Robinson (197 6) found that home ranges of juveniles overlapped with parental 
home ranges. Home ranges of sub-adults increased from April to June and by August 
there was little overlap between animals of the same sex. Home ranges did not 
change until November, when males abandoned their home range and dispersed. 
Female home ranges remained the same during breeding and lactation and some 
males re-established home ranges after mating. Lunney ( 19 7 8) found a similar 
pattern for R. lutreolus, but the males did not disperse. They did expand their 
home ranges about four-fold in size, however, and overlapped extensively with 
oth r males . The finding may be a species· difference, but alternatively it may have 
been caused by the special nature of the study site. Lunney (1978) was fortunate 
to have had an almost completely isolated population in an unburnt heath, 
surrounded by several kilometres of heath and forest burnt by wildfire. The 
surrounding wasteland may have discouraged dispersal. 
All authors cited who have worked on R. fuscipes, except \Nheeler ( 197 0), have 
found an increase in movement and disappearance of males in the breeding season. 
Although indirect, the weight of the evidence suggests that dispersal is involved and 
not direct mortality. There must, however, be a high mortality associated with the 
male di persal, since the adult males which remain at the end of the breeding season 
represent only a small segment of those which dispersed. 
The discussion on movement in 3.2.4 disparaged the concept of home ranges. 
On the positive side, two aspects deserve comment: (i) mapping home ranges gives 
one a more than intuitive feel for the spatial distribution of the population; (ii) 
home ranges ( two dimensions) are more likely to show clear statistical differences 
than one-dimensional measures of range length. In this study, of course, the trapping 
technique used prohibited the use of two-dimension·al estimates. A negative aspect 
of home range and range length measurements is that both are only relative indices 
of movement. A list of mostly uncontrolled variables which influence measured 
movement is given in 3.2.4. One example, from the study by J. Mdlroy (personal 
communication) in Appendix 1.5, shows the profound effect that trap spacing can 
have on the measurement of movement. Mcllroy used a trap spacing of 10 m in 
19 7 4 and 15 m in 19 7 7. The mean maximum distance between captures (M) for 
ea h year was 28 ± 4 m (29 rats) and 47 ± 4 m (53 rats), respectively (p < 0.01; 
1ann-\Vhitney U te t). Robinson ( 197 6) used a trap spacing of 25 m and found an 
1 of over 100 m. The re ults of Mdlroy's and Robinson's studies are not directly 
comparable becau e, although both u ed a rotational method of trapping their 
grid , as sugg ted by Brant ( 19 6 2), the methods were different. 
Robin on (1976) did not analyse his results on movement statistically, whereas 
Lunney (1978) did and found tatistical implication for R. Lutreolus similar to 
those f und by Wood (1971) above. There wa one difference. \Vood (1971) found 
that male rnov rnents were greater than female movements throughout the year 
and Lunney (197 ) found that male home ranges of R. lutreolus were greater only 
in ummer, a did Leonard (1972) with R. fuscipes assimilis. \Vheeler (1970) with 
R. f._crr ' yii and Freeland (1972) with R . f.assimilis used maximum distance between 
captur ( I), the ame m a ure a Wood (1971), but found no evidence of a 
differen e between males and females. The present study and the study by t,1cilroy, 
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reported in Appendix 1.5, also found no difference between the sexes in movement 
for the entire year. Some of the lack of difference in these studies, especially the last 
two, may have been due to insufficient data. The present study and Mcilroy's work, 
however, have more detailed information on the winter and there is still no 
indica tion of any male/female difference, which suggests that some of the difference 
in findings may be caused by difference in habitat. 
inally, even if we disregard the requirement of large sample sizes or a study 
conducted over several years, the results of investigating movement patterns from 
trapping do not reveal much information. For example, in Wood's (1971) exhaustive 
field study the findings on movement merely show: (i) that males tend to disperse 
in the breeding season; and (ii) in winter, both sexes tend to restrict the distance or 
area they cover in their normal wanderings. There are more sensitive ways of 
examining seasonal activity, as is shown in Chapter 5. 
Two other topics· relevant to the present discussion are: (i) the problems of 
studying small mammal ecology in Australia and the necessity of using techniques 
developed mainly in the northern hemisphere, and (ii) some research and 
speculation on the behaviour of R. fuscipes, which can be related to populations in 
the wild. (i) Lunney (1978) provides an excellent coverage of some techniques, and 
problems of applying them to Australian conditions. Some mention of techniques 
and problems has also been made in 3.2.4 and in Appendix 1.2. (ii) The vocal signals 
and related visual or tactile postures during contrived encounters of R. fuscipes 
have been described by Barnett and Stewart ( 19 7 5) and those of R. sordidus 
villosissimus by Begg ( 19 7 5). Robinson ( 19 7 8) observed "agonistic" and 
"amicable" behaviour in similar encounters between R. fuscipes; he trapped the rats 
at regular intervals throughout the year and attempted to relate his findings to the 
dynamics of the population. Agonistic behaviour increased in spring and early 
summer, which suggests social intolerance is related to breeding. The work is marred 
sligh lly by a failure to describe adequately the patterns of behaviour scored as 
"agonistic" and "amicable". 
In summary, and specifically for a study of winter adaptation, the findings of the 
pr sent inv~stigation showed: (i) There was no reproduction in winter; (ii) Winter 
was a stable time of year. All age classes survived extremely well, better th an at 
other times and there was little immigration or emigration; (iii) Rats moved about 
less in winter. 
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4.1 Method 
4.1 .1. Pre paration of fi e ld amples 
The collection of samples in the field is discussed in 3.2 .1. Body weight, head 
length and sexual con di Lion were recorded as for live animals ( 3.2 .3), but the 
reproductive category a signed to females vva erified later by dissection. The testes 
of male were removed and weighed . Total body length was mea ured as the di tance 
on a flat surface from the soft tip of the nose to t he Lip of the tail, and tail length, 
a the dis lance from the anus to the tip of -the tail. A discus ion on the accuracy of 
measurement and a description of the measuring instruments is given in Appendix 
2.1. 
fter removal of the eye , the cadaver were frozen, as indicated in 3.2.1. The 
eye were left in formalin (3 .2.1) for 30 d and then the lenses were dissected out. 
They were allowed to dry for 10 min at room temperature and weighed. 
Eye len weight i often given as dry weight, after oven drying. \,Vet lens weight is 
used here because K. Myers (personal communication) found that the resulting loss 
of accuracy is marginal. Friend ( 196 7a) indicates the same thing, although he still 
advocates using dry weight. 
Friend ( 196 7a) examined the effect of fixation time on lens weight. Fixed 
weights were always less than fresh weights and the difference between them 
increa es up to a fixation time of about 6 weeks. lyers et al. ( 197 7) preserved bush 
rat len es for 14 d. In onsequence, because the lenses of my rats were fixed for 
30 d, they should be slightly lighter than those of 1yers et al. (1977) and 
equation 1 in 3 .2 .l should lend to underestimate the age of my animals. Howe er, 
a will be shown later, this does not happ en. i1yers (personal com~unication) in 
equation 1 used mean lens weight . To make my figures comparable I divided total 
l n weight b 2. 
reezing change lens weight and freezing followed by thawing is undesirable 
( riend, 1967a). nfortunately the February, 1976 sample was frozen inadvcrtantly 
before the eyes had been removed, and thawed . The lenses, ere unusable and there 
are no figure for thi ample . 
4 .1 .2 Hair and brown adjpo e ti sue 
Be fore dis ection the sample were removed from the freezer (-l 2°C) and 
tha, ed overnight in a cold room (4°C) . The bodies were kinned carefully, o as not 
Lo remove the inter capu lar brown aclipo e ti sue (BAT) . The amount of subdermal 
fat wa noted qualitatively a none, ome or a large amount. The skins were inverted 
and drawn over ala jar , tretching them lightly. They , ere allowed to dry for 
ab ut 1 month at room temperature. A tandard ample (2 x 2 cm) wa cut from the 
centre of the back of ea h kin u ing an aluminium template and a sharp scalpel. 
The moult pattern O ohn on, 1972) on the ample , as drawn and the ample 
weighed. The hair , a then haved off with a harp scalpel (blade no. 11) and the 
ha ed kin re, eighecl . 
Brown adipo e Li ue (BAT) from the ex trathoracic region \Vas removed u in~ 
fine forcep under a magnifier with a built-in li ht. The inter capular BAT wa 
exci d, followed by the ub capular and the cervical deposit . The site are 
de cribed in the deer mou e (Peromyscus maniculatus) by Rau h and Hayward 
( 1969a). The axillary B T ,va not removed . It i entwined , ith the axillary arteries 
and the ner e of the brachia! plexu and I felt that con i tency in dissection was 
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more important than the small amount of exlra tissue. The 13/\T removed represents 
over lwo-lhirds of the lolal quantity of BAT in a bush rat. This was determined in 
l wo pilot dissections, of rats ( 1 male and l female) trapped in June, 19 7 6. The si les 
cl scribed by Rauch and Hayward (1969a) were exposed, further sites were looked 
for, a~d a qualilalive comparison, of the total tissue mass and of that normally 
dissected ou l, was made by eye . 
The weights of both the interscapular and the total BAT removed were measured. 
The tissue was stored at -l 2°C until all the samples had been dissected. 
The samples were then immersed separately in 15 ml chloroform for three days. 
The chloroform was changed daily and the residue pooled. The pooled residue was 
vaporated in a fume cupboard to a volume of 200 ml and the remainder removed 
in a ro lary evaporator, leaving the dissolved lipids. The fat was weighed to give a 
total lipid content for all lhe samples. 
The lipid-free BAT samples were dried to standard weight in a vacuum oven at 
50°C and weighed. The original wet weight of the BAT minus the lipid-free dry 
weight gives an estimate of the lipid and water in each sample. A crude estimate 
of the lipid co ntent of the BAT was obtained as described and a similar estimate 
of waler con tent can be calculated by subtracting the lipid value from the 
estimate of total lipid and · water. The lipid-free dry BAT samples were again stored 
at -l 2°C to await microan alysis. 
4.1 .3 Body and organ weigh ts 
On e the BAT had been removed, the carcase was trimmed. The head was cut off 
at about the 3rd cervical vertebra, the manus and pedes at the carpus and tarsus, 
respectively, and the tail at the anus. The peritoneum and pleural cavity were 
ope ned and all internal organs removed. The heart, liver, spleen and both adrenals 
were weighed (Appendix 2.1), the stomachs placed in 7 0% ethanol and the remain-
ing organs, including the female reproductive tract, discarded. If the f emalc was 
pregnant lhe foetuses were counted . The cleared carcase was chopped up and also 
weighed. The liver and carcase were then dried to standard weight in a vacuum oven 
at 50°C and reweighed. The dry livers were stored at -l 2°C to await micro-
analysis and the dry carcases stored in a dessicator. 
4.1.4 Carcase lipid 
The quantity of lipid in the carcase was determined by a modification of the 
technique of Blight and Dyer (1959) used by Nioore (1974). The basis of the 
m thod i to homogenise a sample with a mixturn of chloroform, methanol and 
waler to form a mi ciblc monophasic solution. Further addition of chloroform and 
water creates an unstable monophasic mixture which, when filtered and allowed to 
tand, form a bipha ic solution with a methanol/water layer containing dissolved 
·uhstan ·cs 1·1oaling on a chloroform layer which contains all the lipids. The 
chloroform layer is isolated and the chloroform evaporated to obtain the lipid. 
Each dried carcase wa homogenised in a \Varing blender for 1 min with 50 ml 
chloroform, 100 ml methanol and a volume of distilied water equal to the 
measured water content of the carcase. Chloroform (50 111.l) \Vas added and bl ended 
for 30 , and 50 ml di tilled water added and blended for anoth er 30 s. The h omo-
g nate wa force-filtered through a \Vhatman No. 54 filter paper on a 9-cm porcelain 
Bi.i hncr fi ller. Th li uc re idue and filler paper were rcblcndcd with 50 ml 
chloroform and refillered. Another 20 ml hloroform was used to rinse the blender 
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and the residue. The filtrate was placed in a 500 ml glass separaling flask, allowed to 
seltle for l h and the chloroform layer siphoned off. The chloroform was evaporalcd 
in a rotary evaporator and the lipid remaining was weighed . · 
This method of lipid exlractio~ js highly accurate and equal Lo jf not better than 
olher melhods (Bligh and Dyer, 1959). To test the accuracy of the method the fin al 
re idue for 10 samples was pooled and reprocessed. A further 3.2% lipid was 
ob Lained. The figure is about the same as the limit of accuracy to which the samples 
were weighed ( Appendix 2 .1) and is therefore insignificant. 
4.1.5 Stomach contents 
Nineteen rats were snap-trapped for the examination of stomach contents (3.2.1): 
6 in December, 1976; 6 in May and 7 in June/July, 1977 (5 in June, 2 in July). 
Dr \V.j .M. Vestjens and Mr R. Barker of the CSIRO Division of Wildlife Res earch 
examined Lhe stomachs for animal and plant content, respectively. The stomachs 
(N=l03) of the body composition samples (3.2.1 and 4.1.1) were examined qualit-
atively but not quantitatively, for reasons which become apparent in 4.2.4. For the 
same reasons, further a'nalyses of stomach content were performed by the micro-
analytic techniques described below. 
In August 1978, five rats were trapped for a feedin g experim ent. They were 
suppli ed ad libitum with growing tips or shoots of the fishbone water-fern, 
Blechnurn nudum for 3 days, to test a hyp othesis that this is a major food source. 
On the third day the rats were killed and their stqmachs removed for examination 
of the contents . 
4.1.6 Microanalytic techniques 
Determ ination of total Nitrogen Total nitro gen x 6.25 is frequently used as a 
measure of protein content for plant and animal tissue -(Altman and Dittmer, 1968). 
There are some fixed assumptions associated with the constan t 6 .25 , which can be 
criLiciscd, but at the gross level of measurement employed here these are irrelevant. 
Total nitrogen assays were perform ed by the Analytical Service Unit at the John 
Curtin School of J\1edical R esearch, by the Kirste n-Dumas technique for th e micro-
determination of nitrogen. The m eth od, described by Kirsten ( 19 5 7), is very fas L 
and highly accurate . It is based on pyrolysis of the sample in carbon dioxide and 
subsequent combustion at a high temp erature over a nickel oxide catalyst. 
Thirty dry livers and 30 sa1nples of lipid-free dry BAT were each selected from 
th e body composition samples, to give a wide range of organ dry weight and a 
represcnlative sample for each month. The livers and BAT were treated separately 
buL in an identical manner. The to Lal nitrogen of _each sample was determined and 
three ub-samples of on organ were taken from each monthly group to test the 
homogeneity of the tis u e . · 
Th c s Lomach co n Len l o f Lh e snap- trapped rals (N= 19) men Lioncd in the previous 
sub - ection were also assayed for nitrogen, a were 6 growing tips of the fishbone 
waler-krn, Blechnum nudum (sec 3 .1.2 and 4 .2.4) . Before .assay the stomach 
onlents and the fern tips were dried to standard weight in a vacuum oven at 
50°C. The stomach conlent were pooled for each month separately: December, 
1ay, Jun e and July. Two sub-sample for determining nitrogen content were taken 
from ea h pooled ample for December, 1'1ay and June, and four for the July 
sample . Only one m ca uremcnt was made for- each [ern Lip. 
Determinat£on of calorific valu es Another method o[ measuring the energy 
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con tent of a sam pie is by calorimetry. A ball is tic born b calorimeter is a device in 
which a known weight of a sample is ignited electrically and burnt under pr.essure in 
an excess of oxygen in the "bomb". The bomb ~s a sealed steel chamber built to 
resist the enormous pressures generated. The maximum rise in temperature of the 
top of the bomb is recorded with a thermocouple and galvanometer. The rise is 
compared with that obtained for a sample of known calorific value. 
Calorimetry on the 19 dried stomach contents, described above, was carried out 
in a Gallenkamp ballistic bomb calorimeter, standardised by use -of benzoic acid. 
Two measurements were taken for each stomach and if the standard error was 
greater than 2.5% a third measurement was taken. 
4.1.7 Measurement of metabolic rate 
The principles governing heat exchange in relation to temperature were outlined 
by Rubner (1902), Giaja (1938) and more completely by Scholander et al. (1950b). 
Within the last half c ntury we have gained a considerable understanding of these 
principles (Hart, 195 7). . 
If the met~bolic rate of a resting mammal is tested over a series of temperatures, 
a segmented curve can be formed. One 'part of the curve is a constant: this is the 
thcrmoneutral zone, in which the animal produces heat at a minimum rale. To lhc 
left of the thermoneutral zone, metabolic rate rises linearly as the temperature 
decreases. The slope of this line is termed the thermal conductance. The junction 
between the thermoneu~ral zone and the line is called the lower critical temperature. 
The lower critical temperature represents the point, at which an animal can no 
longer maint?Lin its body temperature by passive means, and it must raise its heat 
production to maintain a constant deep body temperature. 
Construction of such metabolic curves, and comparisons between animals tested 
in summer and in winter, tell an investigator whether adaptation to changes in 
temperature have taken place. Insulative adaplalion is demonstrated by a lowering 
of the lower critical temperature and a decrease in the thermal conductance slope . 
letabolic adaptation is demonstrated by an extension of the curve to a lower 
temperature and a greater capacity to produce heat. 
Fourteen rats were trapped for metabolic studies: 5 in July, 3 in August and G 
in December, 1977. They were flown to Ivlelbour_ne, the day after capture. M. 
Fleming at 1\1.lonash University had kindly offered to measure resting oxygen 
consumptions, in the apparatus described below. 
The first two groups were maintained at 15°C for 2 to 3 weeks before testing, 
and the summer group was maintained at 22°C for the same time. Rats were caged 
ingly and provided with standard rat cubes ad libitum. One female from the July 
ample died before te ling. The findings for the August sample varied a great deal, 
and appeared to fall into a curve separate from that of the July sample. Since the 
August rats were caught late in the season, 1 decided lo cl is card lh cm l'rorn the 
winter findings. Re ting oxygen consumption rates (OCR) of animals were 
determined for a range of temperatures between 6 and 36°C. 
An animal wa weigl]ed to ·the nearest 0.1 g and placed on a wjre mesh pla tform 
in an airtight per pex respirometer ( 12 0 x 110 x 9 0 mm), with inlet and outlet 
porl . IL wa put in a cabinet whose temperature could be varied. The temperature 
in the re pirorneter or metabolic chamber was monitored continuously (Leeds an<l 
Northrup Speedornax W multipoint recorder). Room air was dried and passed 
through a opper heat exchanger before entering the metabolic chamber at about 
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0.6 litre/min. 
Air was drawn from the chamber, dried by passage through silica gel, and 
passed through a Matheson Mass Flowmcter (model LF-IK) accurate to± 2.5 ml air/ 
_min. A J 00 ml/min subsample was drawn independently from the respirometer and 
pas ed through silica gel, Drierite, a Labcrest flowmeter (model 448-118), and then 
Ascarile before entering one cell of a Servomex OA 184 paramagnetic oxygen 
analyser . The sum of the airflows through the two flowmeters equalled the rate of 
flow through the respirometer. The difference in fractional oxygen content between 
effluent air and dry, COrfree room air was displayed on a Leeds & Northrup 
Speedomax W recorder with an oxygen range of 20-21 %. Oxygen consumption was 
calcu lated from equation 4b of Withers (1977) assuming an R.Q. of 0.85. All gas 
vo lum es were corrected to STP. Oxygen consumption rates were determined on rest-
ing post-absoqJtive animals held in the metabolic chamber for at least 1 hr at each 
selected temperature. The minimum metabolic rate for that temperature was 
calculated from the lowest value of the fractional difference, recorded for at least 
5 min. All measurements were made between 0800 and 1 700 hrs. 
4.1.8 Statistical analysis 
General All statistical les ts in Part 4 are· parametric. Parametric tests are based on 
th e normal distribution. Student's t-test or one-way analysis of variance were found 
appropriate for most of the analyses. These give an identical result for the case of 
two samples (e .g. Snedecor and Cochran, 1967). Throughout the study "t-test" 
re r ers to Student's t-test. A common misconception is that distributions must be 
normal before parametric tests may be applied . This is not true. The common 
parametric tests are xtremely robust ( e.g. Snedecor and Cochran, 196 7). If findings 
are of a well ordered numerical form, such as an interval scale, described by Siegel· 
(1956:26); then, one resorts to nonparametric methods merely to avoid the fixed 
assumptions of the parametric tests (discussed in 5.1.6). 
Bartlett's lest for homogeneity of variance (Snedccor and Cochran, 1967:296) 
is often used to test for normality. Most of the findings for body composi lion 
conformed with B.artlett's test, but the few exceptions which fell slightly below a 
probability of 0.05, were still tested parametrically. 
Correction for age A more important problem is how to prepare the findings on 
body omposition for analysis . One characteristic of a wild population is enormous 
variation between individuals. To make sensitive comparisons between samples, 
ome o [ the unwanted variation must be removed. Frequently, organ weigh ts are 
expressed relative to some unit of body weight or si:6e, to correct for differences in 
body ize. This is usually done indiscriminately. Conclusions obtained, without 
con idering the implications of using relative weights, may be wrong and the 
biologi al relevance of ratios, such as weight per gram body weight, is of ten 
unknown (IIcroux and Gridgcman, J 958). 
Che ter Jone (195 7), Heroux and Grid gem an ( 1958) and Angervall and 
Carl Lrom (1963) have all advised again t the use of relative organ weights. Listed as 
pr requisites [or their u e arc: (i) that body and organ weights are positively and 
linearly related; (ii) that th<' regression line passes through the origin; (iii) that the 
varian e o[ organ and body weight are imilar (Angervall and Carlstrom, 196 3) . 
0 r Lhc ccond condition, Krebs ( 1964 :44) s talcs "I know o [ no ins lance in which 
l thi l is true." 
Chitty (1961) u es a technique o[ "standardised means" to overcome the 
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problem. Kreb~ ( 1964) is wrong when he says that no slalislical Les ls may be 
applied to these means, bul he is correct that standardised means cannot be used to 
monilor sensitive changes. 
Angervall and Carlstrom (1963) oulline three methods for quanlitativc organ 
analysis. They suggest that analysis of covariance is appropriate when m ore Lhan two 
groups are compared . To and Tamarin (1971) used analysis of covariance to remove 
unwanled variation in an investigation of the effect of population density on the 
adrenal weights of two species of vole (Nlicrotus pennsylvanicus and J\1. breweri). 
The technique used in the present study is similar to a "correction" m elh,od 
suggested by Angcrvall and Carlstrom ( 1963) but is more general. The method was 
first described by Heroux and Gridgeman (1958), but they did not outline the 
correclion equation ( equation 14) below, used by K. Myers (personal communi-
calion) and Carstairs ( 19 71). The technique is based on the idea that, if an organ 
weight for each individual rat can be corrected to the weight it would be if the rat 
were of a specified mean body weight (or age), th en the effect of body weight (or 
age) can be eliminated. In the present study, body variates which were correlated 
with age were corrected to a mean age, calculated from all the samples combined 
(103 rats). The information was analysed by computer at the CSIRO, Division of 
Wild life Research with the kind permission of K. Myers and later A.E. Newsome. 
The programs were wrilten by N. Gilbert. 
Head length rather than eye lens weight was chosen as the variable for age 
correction because there are separate equalions for m ales and females (3.2.2). By 
this means not only is the effect of age removed, but differences between the sexes 
arc diminish ed as well. The analysis proceeds in three steps (see Snedecor and 
Cochran, 1967:135 to 170 for the mathematical basis of regression). (i) All variates 
except eye lens weight are regressed against head length. Eye lens weight is not 
in luded because it is also a variable for age determinat ion and correction would be 
meaningless. Those variates (or organ weights) which are corrc la led with age (Null 
hypo the is: p < 0.05, t-test) require correction. (ii) The regression equatio n for each 
variate which need correction is calculated . H th e regression is non-linear the dala 
rn usl be transformed. In this study, all regressions were linear. 
The general form of a linear regression is: 
y=a+bx (13). 
Here y is the variate regressed against age, 
a is the value of they-intercept, 
/.J i Lh e slope of the line and is also the age correction coefficient for the variate 
y ( see equation 14 b elow), 
x i the age (head lenglh) of the rat. 
The whol purpose of calculating the regression equation is to obtain an estimate of 
th c con tant b. 
(iii) The variale ( or o rgan weight) can now be "age corrected" for each ind iv id ual 
rat in turn, by applying the following formula: 
Y2=Y 1 - (rn-!ll)b (14). 
Wh ere, y 2 i the " age corrected" variale ( or organ weigh L), 
y 1 is the original or uncorrected variate (or organ weight), 
m is the head lenglh of the individual rat, 
J\I i the mean h ead length calculaled rrom all sample combined (1 = 103), 
1n-J\l js the dc\·ialion of the individual rat's h ead lcnglh from the mean, 
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b is the age correction coef'ficicnl, for the variate y ( calculated in 
equation 13). 
Th effect of correcting by (m-M)b is to make the ·term bx in equation 13 approxi-
mate zero. Thus y becomes a (i.e. y = a) and the effect of age disappears. Correcting 
by the term b also tends to drag points in towards the regression line and to 
eliminate some of the variance. Figure 9 shows lhe visible effect of correcting 31 
randomly selected heart weights to the mean head length of the population (i.e. 
103 rats). In the top graph heart weight is strongly correlated with age (head length), 
whereas in Lhe lower graph there is little correlation and the slope of lhc line is dose 
to zero. Notice also that the vertical scatter of the points is reduced in the lower 
graph. 
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Figure 9 Effect of correcting for age. Heart weight is strongly correlated with age 
(head length): (r = 0.78; p = 0.02 x 10· 5 , t - test). After correction there 
is little correlation (r = 0.19; p = 0.33), slope is near zero and vertical 
scatter reduced. 
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4.2 Results 
4.2.1 General 
When all Lhe organs and other body variates measured had been "age-corrected", 
as described above, the initial analyses sought to find what organs or vari,ates 
actually changed in weight or size between summer and winter. Hence, all that was 
required initially was a gross comparison between seasons. 
For these comparisons some of the samples, taken by calendar month, had to be 
pooled. One-way analyses of variance were used to compare each pair of samples, 
for all variates measured, before each was combined. Samples were collected over 
lwo years . There were two samples for June, taken in 1976 and 1977; and similarly 
two for August. There were no differences between the respective samples for 
June; or between the respective samples for August. Hence these were pooled 
separately, and when June is referred to below, the sample intended is the combined 
sample for 197q and 1977, and similarly with August. The summer samples, 
January/February, 1976 and December, 1977 were also compared, as were the 
winter samples . For the winter comparisons, however, the June and August samples 
were each tested against the July, 1977 sample, but not against one another. There 
were again no differences. 
Table 10 gives a summary of the 103 rats dissected by calendar month. The sex 
ratios for each month were about even, excepl for December. The uneven sex ratio 
in December was a mistake, caused by an oversight, but a fortunate one as is 
discussed later (4.2.2). A summer sample was formed by pooling the information 
for December and January/February and a winter sample by poolingJune,July and 
August. \Vith sample sizes of 32 and 61, respectively, the sex ratios were again about 
even. The May sample is ignored at present and for c0nvenience the January/ 
February sample is simply called February, because 80% of the sample was caught 
in February._ 
The summer and winter samples were also. compared by one-way analyses of' 
variance. A detailed listing of the results is give.n in table 23, Appendix 2.2. There 
were no differences (p < 0.05) for total body length, tail length, head Jcngth, dry 
arcase weight, weight of skin+ hair, or weight of lipid-free dry BAT. For all other 
comparisons probabilities were < 0.001, except in Lerscapular and to Lal BAT 
(extrathoracic minus axillary), which were < 0.01 and< 0.05, respectively. 
Weights of eye lenses, testes, body, wet carcase, lipid-free dry carcase, carcase 
Water, liver water, skin, liver ( wet and dry), heart, spleen and adrenals were higher in 
summer. Hair, carcase lipid and BAT were heavier in winter. The lack of difference 
for carcase dry weight (lipid + lipid-free weight) an·d skin+ hair was due to the fact 
that ea h is the sum of two component which showed an opposite trend . Head 
length and eye lens weight both measure age; there was a disparity in their results 
be ause the summer · mean for eye lens weight did nol include any values for 
February (4.1.1). 
A general compari on between sexes, for all samples combined, was also made 
(table 24; Appendix 2.2). It was shown in 4.1.8 that with he ,id length as the variate 
for age-correction, difference between Lhe sexe were diminished. Three sexual 
difference were found: (i) adrenals of female were heavier (p < 0.001), which is 
a typical finding for marn mals; (ii) wet and (iii) dry carcase weigh ts of female were 
lighter (both p < 0.-05). Further analysis howed that the important component in 
the econd finding wa body water: the difference in dry carcase weights merely 
41 
Males 
Females 
Total 
Summer 
December Jan/Feb 
10 8 
4 10 
14 18 
May 
5 
5 
10 
Winter 
June July August 
13 7 11 
15 6 9 
28 13 20 
Table 10 Size of the samples used for analysis of body composition. Figures are numbers of rats. 
Total= 103. 
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indicated that females still had marginally lighter carcases than males. Analysis of 
BAT also showed some sexual differences between summer and winter, although 
lhcre was no difference between the combined mean_s. The adrenals of femal es were 
heavier than those of males in both summer and in winter, but both sexes had 
heavier adrenals in summer. A more detailed analysis, of the form used in 4 .2.3, 
showed that the seasonal trend for adrenals across the samples was more pronounc-
ed for fem ales . Females apparently had less carcase water in summer than had mal es; 
the carcase water of both sexes decreased between summer and winter; but since the 
winter means were identical, females showed a less marked trend. Females also 
apparently had less BAT in summer than males, but this time the trend was for more 
BAT in winter and the females showed a greater seaso nal change. The implicatio ns 
of these sexual differences are discussed in 4.3.4. AJthough it is not strictly legiti-
male to pool the adrenal weights of males and females because of known sexual 
differ nces, it was considered convenient to pool them for the analyses in 4.2 .3, 
since the seasonal trends were identical; but the seasonal differen ces for each sex 
separately are given in table 24; Appendix 2.2. BAT similarly was pooled for the 
analyses in 4.2.3, though the seasonal differences for each sex separately are also 
given in table 24. 
4.2 .2 Determinations of age 
IIcad length was used for determining lhe age of live rats, d escribed in 3.2 .2. 
Figure 10 shows similar age determinations f()r the samples for body composi lion. 
The difference between each adjacent pair of monthly m eans was tested by a one-
way analysis of variance . 
The February sample (fig. 10) differed from those of both .ivlay and December, 
especially December. December had the high est mean age of all samples and 
February the lowest. The finding conforms wilh findings for the seasonal population 
structure, discussed in Chapter 3. The sex rat io for December was uneven ( 4.2 .]., 
lab le 10). Hence, December and January showed the greatest unwanted varialion 
between any two samples . Corrected means should be independent of age and 
almost independent of sex (4.1.8); but if one sample showed a massively distorted 
age distribution or a skewed se x ratio with respect to the others, t his might be a 
source of error~ Hence the known differe nce between the two summer samples can 
be us ed as a check for distortion. If no inexplicable differences occur, then 
confjdence m ay be pla ed on the sensitivity of the findings. The age distribution of 
each ample is given below. 
The theoretical accuracy of each method of age determination was mentioned in 
3.2.2, but the direction of bias is probably more important. Figure 11 gives the 
m ean age for each sample e timated by each of the three methods. The patterns arc 
identical. It was hown in 3 .3 . 2 that calculations of age from head lengths, by 
cqualions 1 and 2, lend to underestimate age. This is also apparent in figure 11. 
Finding on population struclure (Chapter 3) indicate that the eslimates from eye 
len weigh land the multiple regressions are overestimates . Perhaps, the best estimate 
of age would be a median of the three m easures . Estimation of age is more accurate 
for young rat (3.2.2) and this can be seen in figure 11 also . The three measures 
agree closely jn May, June and July and diverge most in December, for the old rats. 
ll is a pity no co mparison could be made l'or the yo un gest sample, February. 
The age structure ol' each ample, as determined from head length and the 
mulliple regre sion, is given in figure 12. The findings are divided into age classes ol' 
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Figure 10: Head lengths of samples used for analysis of body composition. Bar indicates 
winter. One-way analyses of variance were performed between samples. 
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Figure 11: Estimation of age of samples. Age was estimated from head length (equations 
1 and 2), eye lens weight (equation 3) and multiple regressions on both 
(equations 4 and 5). Points are juxtaposed for ease of reading. Vertical lines 
are standard errors. There were no eye lens weights for February. Bar 
indicates winter. 
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30-days. The f'i rst and lasl age classes for each melhod arc dif'fercn t ( sec cap Lion), 
because head length lended to underestimate and the multiple regression to ovcr-
estim ale age . The palterns are the same for both m ethods and conform with Lhc 
findings in Chapter 3. All rats of Lhe December - sample were born before the 
previous winter. February contained very young rats and old rats. The oldest age 
class was half the sample in May, but declined in the later samples. The youngest 
rals in February seem gradually to occupy the middle age classes down figure 12. 
The trend is more obvious in the n:iultiple regression , from l'v1ay to August. Hence, 
Lhe samples exhibited no true distortions of age, although, December did, indeed, 
contain the oldest animals and February the youngest. May, June, July and August 
had om parable and fairly even distributions of age. 
The estimate d age of an anim al was extrapo lated to give its month of birth (as 
described in 3 . 3 .2) by each method separately. The findings are presented in figure 
13. Only rats aged <200 days were used for head length and <300 days for eye lens 
weight and the multiple regression. The findings agree with those in figure 7 ( 3 .3 .2). 
Most young were b orn around midsummer. The range of dates of parturition was 
appar ntly September to May; but a more realistic range is probably October to 
April ( fig. 13 ). Th e p attern for head length is Jess regular than the other two patterns 
and th an that of head length in figure 7. Estimations of age from .eye lens weight 
and the multiple regression may be more accurate, as predicted by K. Myers 
(personal communication) in 3 .2 .2. The difference between the patterns for head 
length (figures 7 and 13) m ay be due to a larger proportion or young rats 
mea ured in figure 7. But this explanation is no more probable than that the 
variation is due to chance . 
4 .2.3 Seasonal trends in detail 
A detailed analysis of seasonal changes is given in figures 14 to 27 . One-way 
analyses of variance were performed between each adjacent pair 9f monthly means. 
Only variab les which showed a difference between summer and winter (4.2.1) and 
the finding for lipid-free dry BAT are presented . These fall into three groups: 
(i) testes, heart, spleen and adrenals declined in weight between summer and 
win t r; (ii) hair, lipid and BAT increased ; (iii) body and liver weight declined but 
with one special feature. The trend for skin weight was anomalous and fitted no 
group, but is discussed with hair weight in Group II. 
Group I The organs of Group I, although diverse in function, were grouped 
to get her because their decline in weight was expected to indica le that they were 
u ed less in winter. Changes in weight of tesles and heart can be expected to have a 
simple and direct relalionship with their major function, whereas the same changes 
in adrenal and spleen weigh ts require more cau Lion in interpretation ( deferred until 
4.3 ). 
The weigh ts or the lestcs showed a massive seasonal decline ( fig. 14). The dee] inc 
bet,\·cen December and February was hardly influenced by the small testes of 
immature males, but is the result of a decline in reproductive condition of adult 
male . There ecmed to be a sl:J.arp steady drop, from the peak of the breeding season 
until ~lay. Testes remained extremely light through winter but began to rise steeply 
again in , eight and ize in August. The findings conform with beginning o [ births 
in Oclobcr and hence wilh breeding beginning in September, as suggested above. 
Three rat , captured on 20 October, 1978 for the feeding experiment wilh 
Blechnum nudum, were males; when killed 4 days after capture their testes weighed 
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Figure 14 Age-corrected testes weights of samples. Bar indicates winter. One-way 
analyses of variance were performed between samples. 
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Figure 15 Age-corrected heart weights of samples. Bar indicates winter. One-way 
analyses of variance were performed between samples. See figure 14 for 
code of probabilities. 
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3 .6, 4 .7 and 5.0 g. These rats were probably in breeding cond iti on . o histological 
sectio ns through the testis were made, in the p resent study, for identifying sperm in 
the epidydimis; but Warneke (1971) found a strong. corre lation between t he testis 
1cngth of R . fuscipes assimilis and th e presence o f mature sperm. He found no sperm 
in testes< 18 mm in length and mature sperm in all t estes > 22 mm. The findings of 
T ay lor and Horner ( 19 7 3b) tend to support these figures. Perry ( 1945) showed a 
close correlation between testis weight and spermatogenesis for R. norvegicus, as 
did Harrison (1951) for seve ral Malaysian sp ecies of Rattus. Teslis length is not as 
reliable a measure as testis weight. In th e present study, 2 males in the May sample 
and 1 in the June, 197 8 sample, a-11 about 1 ½ years of age, had testes of similar size 
Lo those of mature m ales in summer. The ti ssue within the tunica vaginalis, however, 
had atrophied and th e testes were very li ght in weight. 1--I ence testis length would 
have incor rectly clas ed these m ales as being in reproduct ive condition, whereas 
testis weight classified them correctly as nonreproductive. ln winter, the testes of 
m ost m ales were n onscrotal; whereas in summer, all mature m ales had scro tal testes. 
Heart weight ( fig. 15) also d eclined most b etween February and May. It apparent-
ly continued to decline until July and seemed, like the testes, to increase in August. 
The apparent rise in heart weight betwee n December and February suggests that the 
hear ls of young animals after age-correction were heavier t han those of adu lts. 
The decline in h eart weight between su mm er and winter is possibly related to 
d ecreased exercise in winter, but the latter is shown di rectly and more convin cingly 
in t he study of seasonal activity in plu s-mazes (Chapter 5). 
The weight of the adrenals als o declined sh arply between February and May (fig. 
16) . There was no obvious differen ce between the figures for May,June,July and 
August. The apparent difference betwee n December and February could be ascribed 
to th e lack of females in the December sample. But an examination of the same 
results for m ales and females separately gave n o evidence of a difference between the 
Decemb er and Febru ary m eans . 
Spleen weights declined from February to August (fig. 17). Why the major 
difference was bet ween June and July is not known. 
G'rou/J JI The organs of Group II (hair, lipid and BAT) increased in weight 
between su mmer and winter. They arc grouped together, because of an expectation 
that they were required m ore in winter. In creased insulation and pilo-erection of the 
hair is an extrem ely efficient (Blaxter and 'Wainman, 1961) and economic defense 
agai nst co ld. Growth of hair is economic because the energy cost is borne in the 
milder months be fore winter. Increased insulation, however, is al ways more e ff cct-
ive on a large m ammal than on a small one (reviewed by Schmidt-Nielsen, 197 5); 
but thi is discussed in detail in 4 .3.5 . 
The depos iti on of ubcutancous fat (whi h was obvious in all winter samples but 
nol tho e of summer) an also provide in ulation, since a decrease in skin blood 
flow crvcs Lo withdraw the body core behind a strongly insulative barrier. The 
~hcrmal conductivity of non-perfused white adipose tissue is only 0.02 J/cm 2. sec 
( dam, 19 71) . Seasonal deposition of fat occurs in many terrestrial mammals but, 
altho ugh it has an insulative fu,nction, the reserves are probably more important as 
a o u r e of energy (Ileroux, 1961a) . In the present study, much of the sub-
cu Laneous fat was removed with the skin, and the measure for carcase lipid ( 4 .1.4) 
mainly indicates the amount of adipose Lissue stored in the musculature. 
Brown adipose tis uc (BAT) is also a source of energy, but the energy within BAT 
can be lib erated very quickly. BAT is a thermogenic organ and is the only organ in 
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Figure 16 Age-corrected adrenals "Veigh ts of samples. Bar indicates winter. One-way 
analyses of variance were performed between samples. See figure 14 for code 
of probabilities. 
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Figure 17 Age-corrected spleen weights of samples. Bar indicates winter. One-way 
analyses of variance were performed between samples. See figure 14 for code 
of probabilities. 
I· 
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lhe body whose prime fu nctio n is to produce heat for thcrm oregulali o n. T he tissue 
is well innervated and vascularis ed . It works in a manner analogous to a boile r in a 
building. The boiler produces steam which is transferred by pipes to various parts of 
the building and serves to heat th e building. The energy stored in Bi\T can be 
mobilised quickly as heat in response to a cold threat and is distributed by the blood 
lo major organs. Unlike the boiler, BAT cannot produce heat continuously ; it is used 
only as a short-term r sponse to a severe cold threat or in special circumstances, 
such as arousal from hibernation. The structure and function of BAT are discussed 
in more detail in 4.3.6 . 
Skin weight (fig. 18) is includ ed in Gro up TI o nly because skin and hair weights 
are naturally considered togeth er. Skin weight had a seasonal trend opposite to that 
of hair weight (4.2. 1) . It increased between December and February, declined 
slightly (but p > 0. 05) to June and declined markedly between June and August 
(fig. 18). The difference between Dece mb er and Febru ary suggests an age difference, 
which is app are nt even with the unco rrected means: 357 ± 22 mg and 51 6 ± 43 mg, 
respectively (p = 0.003; t-test). Hence, young anim als have heavier and presumabl y 
thicker skins than have old animals. Hair weight ( fig. 19), in contrast, declined 
be tween December and February indicatin g, perhaps, that young rats have fin er an d 
lighter hair than have old rats. Hair weight increased markedly between Febru ary 
and June. The increase was apparently linear, indicating a sp reading of the energetic 
cost over several months. There was an apparent decline between June and August, 
(but p > 0.05), as for skin weight. The last changes in skin and hair weight may be 
related to moulting. Cycles of moulting arc described by Fullagar ( 196G) and 
J o hnson ( 1972). Two moults are associated with seaso n, one in spring/su mmer and 
one in autumn O ohnso n, 1972). Before the growth o f new hair, pigments accumu-
late in t he hai r fo llicl es and the sk in darkens (Full agar , 1966) . The pattern of dark 
and light patches on the 2 x 2 cm sampl es of skin were given an index of O to 5 
accordi ng tu the amount o f black pigment (0 was none and 5, all black). T he means 
for December, February, May,Jun ,July and August we re 1.4, 1.8, 0.9, 0.0, 0 .0 and 
0.5. No zones of growing hair were found in June and July. Hence th e dramatic 
declin e in skin an d hair weight between Jul y and August seems to be associated with 
the onset of the m oult. 
The weight o f carcase lip id (fig. 20) increased seasonally like that of hair, but 
differed from that of hair in that the in crease was not gradual. There was no 
difference between the values for December, Febru ary o r May. Between May and 
June there was a sharp rise to a peak. The levels in June and July were aboul the 
sam e, and t here was an apparent decrea e bet ween July and August. The pattern for 
BAT (fig. 21) is vir tually identical to that of carcas e lip id. There was an apparent 
decline in BAT from December to May and the same sharp increase from May to 
June. The increase apparently continued more slowly from June to July , after which 
lhere was a sharp decline, especially of the interscapular BAT. Figure 22 gives the 
result for lipid-free dry BAT. Th e curve is similar in shape to those in figure 21 (but 
p > 0.05 for all differences between m onth s) . There was also an apparent decline 
between December and February. Figure 23 shows that protein content is strongly 
correlated with th e lipid-free dry weight o f BAT. 
Hayward (1971a) suggests that lipid-free dry BAT weight is an index of 
increased capacity for non-shivering thermogenesis (NST) in small mammals , because 
it correlates positively with th e enhanced ca pac ity for heat production induced by 
administering norepinephrine. If this is correct , there is probably not much change 
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Age-corrected skin weights of samples. Bar indicates winter. One-way analyses 
of variance were performed between samples. See figure 14 for code of 
probabilities. 
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Figure 19 Age-corrected hair weights of samples. Bar indicates winter. One-way analyses 
of variance were performed between samples. See figure 14 for code of 
probabilities. 
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Age-corrected carcase lipid weights of samples. Bar indicates winter. One-way 
analyses of variance were performed between samples. See figure 14 for code 
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Figure 21 Age-corrected brown adipose tissue (BAT) weights of samples. Lower curve 
is interscapular BAT. Upper curve is extrathoracic BAT (minus the axillary). 
Bcr indicates winter. One-way analyses of variance were performed between 
samples. See figure 14 for code of probabilities. 
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Figure 22: Age-corrected lipid-free dry BAT weights of samples. Extra thoracic BAT was 
dried. Bar indicates winter. One-way analyses of variance were performed 
between samples. See figure 14 for code of probabilities. 
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Figure 23: Protein content of lipid-free dry BAT. RegTession shows protein content 
strongly correlated with lipid-free dry BAT (r = 0.94; p <0.01 x 10-9 ; t- test). 
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m the capacity for NST between seasons in R. fuscipes ( discussed more fully m 
4.3.6). 
Group III Group Ill consisted of the weights of the body and liver. A decrease in 
autumn and winter of the mean body weight of the population has been observed 
in many species of small mammal in the Northern Hemisphere, including 
Clcthrionomys gapperi (Fuller et al.~ 1969; _19776; Stebbins, 1976), C. rutilus 
(Sealander, 1966; Fuller et al., 1969; Whitney, 1976), C. glareolus (Tanton, 1969), 
Peromyscus maniculatus (Sealander, 1951; Fuller et al., 1969), Microtus oeconomus 
(Whitney, 1976), A1. pennsylvanicus (Hamilton, 1941; Brown, 197]; Iverson and 
Turner, 1974), M. agrestis (Chitty, 1952), Dicrostonyx groenlandicus. (Fuller, 
19 7 5 b) and in various shrew species (Mezhzherin, 19 64). One explanation proposed 
for the vv:eight loss is that it decreases total energy requirements of the population 
for the winter (Kalela, 1957; Mezhzherin, 1964). Such a decrease in energy 
requirements would be adaptive if food were limited in winter. The way in which 
the explanation is proposed, however, would appear to require group selection and 
probably could not be explained by natural selection (reviewed by Maynard Smith, 
1976). A more direct explanation is that animals cannot obtain sufficient food to 
maintain body weight in winter; another is that the older and heavier anim als die in 
autumn and winter, whereas the younger animals ·survive but do not grow. Other 
explanations and further discussion are given in 4.3 .8. 
Hence, in the present study, a decline in body weight and in liver weight (which 
may be an index of energy state) was not unexpected. The actual trend of the 
weight change, however, was not predicted. Body weight in figure 24 shows the 
pattern 1 which is typical of Group III. Group III trends showed components of both 
Groups I and II. Body weight declined between summer and May, showed the same 
rapid increase between May and June as for Group II and then apparently declined 
again to August. Wet liver weight showed the same trend but even more strongly 
( fig. 25). For the _ difference between June and July, p was now < 0.05. The findings 
for dry liver weight were identical (fig. 26). Figure 27 shows that protein content 
i strongly correlated with dry liver weight. Hence dry liver weight is a good measure 
of nutritional state in the liver. 
4.2.4 Diet 
A very important question is whether the seasonal differences shown by Group 
III depend on diet. The techniques used arc described in 4 .1.5 and 4.1.6 . W.J .M. 
Vestjens (personal communication) found that the stomach contents of the 19 snap-
trapped rats were all at least 98% plant material. He -concluded from the quantity 
and the types of insect present that the animal material in the stomachs represented 
chance ingestion. R. Barker helped me examine the plant content of the same 
stomach . The material was finely chewed, and even under high power magnification 
no ellular fragments, such as those described by Martin (1955), Storr (1961; 1968), 
and by Griffiths and Barker (1966), were found. 
The contents of all stomachs consisted of what could be identified as only plant 
endo perm. The 103 tomachs of the samples for body compo ition were examined 
qualitatively. part from the plug of bait made of peanut butter and oats, which 
could be partly disLinguished from the edosperm, no differences were observed from 
the nap-trapped stomach . It was originally intended to use these stomachs for the 
analysi of diet, but because they were contaminated with bait \,V.j.l\1. Vestjens 
(per onal communication) suggested that a quantitative analysis of a smaH number 
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Figure 24 Age-corrected body weigh ts of samples. Bar indicates winter. One-way 
analyses of variance were performed between samples. See figure 14 for 
code of probabilities. 
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Figure 25 Age-corrected wet liver weights of samples. Bar indicates winter. One-way 
analyses of variance were performed between samples. See figure 14 for 
code of probabilities. 
1.8 
1.6 
~ 1.4 
.... 
~ 
-~ 
~ 
;3 
.... 
~ 
;::i 
1.2 ... -.. 
?-.. 
.... 
"\j 
.:: 
'3 
~ 
~ 
2.5 
2.0 
1.5 
~ 
.... 
.:: 
~ 
.... 
1.0 .:: 
0 
I..J 
.!:; 
~ 
.... 
0 
.... 
l:l... 
-~ 
• \ 
\ 
' 
D J F 
\ t 
\ 
\ 
\ 
M 
\ 
\ 
' 
' 
A 
• 
'· 
M J 
." • 
J A 
Figure 26 Age-corrected dry liver weights of samples. Bar indicates winter. One-way 
analyses of variance were performed between samples. See figure 14 for 
code of probabilities. 
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Figure 2 7 Protein content of dry livers. Regression shows protein content strongly 
correlated with liver dry weight ( r = 0.97; p <0.01 x 10-9 ; t-test). 
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of selected stomachs would be better than a large but qualitative analysis. The final 
result could, however, be ex pressed only as a qualitative difference . In summary, in 
the months in which records were made the rats ate plant endosperm alm ost 
exclusively, and no differences were appar.ent between any of the samples. 
The result suggests that there are no cliff erences in diet between seasons. C. Lacey 
(personal communication) examined the habitat at Lees Creek and considered on 
the basis of the stomach contents that only 5 species of plant with palatable shoots 
or basal parts, found on the floor of the valley, were common enough to contribute 
significantly to the diet of R. fuscipes. These are li sted in Appendix 1.1. 0 f the five, 
the fishbone water-fern (Blechnum nudum) is the most common and provides an 
almost unlimited source of potential food. All these species are perennials and 
present throughout the year. The two common kinds of Acacia, silver wattle 
{Acacia dealbata) and blackwood {A. melanoxylon) produce abundant seeds , but 
they are small and extremely hard. If the rats ate them extensively, the hard black 
seed husk, which cannot be separated readily from the interior, would be present in 
the stomachs. These seeds, although produced seasonally, are virtually indestructible 
and can be found on the ground throughout the year. It seems, however, that the 
seed could not form a substantial part of the diet. 
The five types of perennial shoots and bulbs, mentioned above, are a lso present 
throu ghout the year, but their nutritive value may vary with the season. Micro-
analytic tests ( 4.1.6) were p erform ed o~ the 19 snap-trapped stomach samples t o 
inves liga te season_al differences. Table 11 gives the results for caloric valu e and 
stomach weight. The stomach weight's of the December sample were markedly lower 
t~an for the other samples; but the findin g is not supported by other findings. 
Harling and Sadleir (19 7 4) weighed the stomachs of 600 deer mice in a three-year 
study. They found a gr at deal of variation but no seasonal differences in mean 
stomach wei ght. They concluded that sto-mach weights are not a useful index of 
consumption. Marples ( 19 7 3) found a goo d correlation between t he weight of 
stomach contents and the time of day for the greate r glider (Schoinobates volans), 
from which the circadian feeding and digestive cycle could be calculated accurately. 
But he also found no seasonal. differences . The results for calor ic valu e of the 
stomach contents are m ore revealing, but _they mu.st also be interpreted with 
caution. The figure for Decemb er was lower than that for L\1ay (p < 0.05; t-test); 
but all the figures are high and suggest that th e diet is of high energy value, and 
that there is little seasonal change. 
T able 12 gi\·es the nitroge n content of the pooled stomach samples . Each monthly 
sample was high in protein. If the % nitrogen is multiplied by 6.25, the calculated 
protein co ntent ranges from 27% in June to 43% in July . (The protein content of 
le on Ra t Cub es is 22%.) The 6 fe rn tips m easu red were also high in protein (20%), 
but lower than the sto m ach samples. On the expectat io n of no seasonal cha nge, the 
June ample is slightly lower th an expected and the July sample much higher. (four 
ub ampl e were t;ken of the July samp le to check that the finding was not due to 
experimental error.) Thi variation is unexplained. 
The re ults of the feeding trial with Blee/mum nudum were confusing. The 5 
rat readily ate the fern tips . They separated the endosperm from the brown fibrous 
cove r and their stomach contents resembled those of the snap-trapped rats. But all 
rats lo t weight over the 3 day of the te l and 2 died. Wild rats often lose weight 
wh n first brought into captivity, but the weight loss of these rats was excessive and 
the deaths were un expected . It is suggested that the fern tips may be toxic . Everist 
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December May June/July 
No. of stomachs 6 6 7 
Weight of contents (g) 1.3 ± 0.14 3.2 ± 0.25 3.3 ± 0.47 
Caloric value (kJ /g) 20.4 ± 0.5 22.1 ± 0.5 20.6 ± 0. 7 
Table 11 Samples used for analysis of stomach content. Figures are means± standard errors. 
See text for statistical analysis. 
I· 
No. of stomachs 
No. of samples from 
combined con ten ts 
Total% Nitrogen 
Total% Nitrogen 
December May June 
6 
2 
5. 73 
6 5 
2 2 
5.08 4.36 
Fern Tips (Blechnum nudum) 
{N=6) 
3.13 ± 0.09 
July 
2 
4 
6.83 
Table 12 Nitrogen content of stomachs and fern tips. Two subsamples of pooled contents were 
taken for each month {4 for July); 6 growing tips of Blechnum nudum were also 
sampled. 
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(J 974) says of Blechnum spp. that some have been suspected on field evidence of 
being poisonous to li vestock, but there is no pro o f of toxicity. 
This does not, however, preclude B. nudum as the-major food source. R. fuscipes 
in the wi ld arc probably se lect ive in the tips they eat and also selective in the 
composition of their diet. Moreover some may be resistant to poisons. D.P. 
Woodside (personal communication) finds that R. fuscipes on the coast east of 
Canberra eat and hoard the seeds of cycads (Macro zamia communis) which are 
extremely toxic and carcinogenic. 
The \i\f estern Australian subspecies Rattus fuscipes greyii has a high resistance to 
1080 poison (a sodium salt of monofluoroacetic acid} and it is suggested that the 
resistance h as evolved, since common plant genera in the habitat ~ontain natural 
fluoroacetate toxins (Oliver et al., 19 7 7). 
4 .2. 5 Seasonal metabolic rate 
The oxygen consumption rates of 6 rats in sum mer and 4 rats in winter at various 
ambient temperatures are given in figure 28. There are various methods by which 
metabolic curves can be fitted. The greatest problem is deciding the lower critical 
temperature (TLc) which is · the point of junction between the thermal conductance 
slope and the thermoneutral zone ( 4.1. 7). The TLC m ay be fitted by ins]Jection if 
there arc enough points close by to specify it, the scatter of the findings may be 
reduced by a curve smoothing method, or the junction of the two curves may be 
fitted directly by a mathematical technique. Hudson ( 1966) gives a detailed 
description of a least squares method of finding the junction points of segmented 
curves . One computes a large number of possible solutions and a minimum squared 
value de fines the best one . 
In the present case (fig. 28) the sample sizes were small and the scatter of points 
fairly large . Therefore, even a calculated lower critical temperature would be 
dubious. The thermoneutral zone, according to current theory (discussed in 4.3.5), 
cannot be assumed to b~ a constant; and, because the upper critical temperature 
offered the same problems as the TLC, it was not considered feasible to plot a 
thcrmoneutral zone. In consequence, on ly the two thermal conductance slopes are 
plotted in figure 28 . These were linear regressions for a ll points below 25°C. The 
figure of 25°C was chosen by inspection as a conservative temperature assumed to 
be b low the TLC · Collins (1973) found a TLC of about 28°C for two populations 
of the \Vestern Australian subspecies, R. fuscz'pes greyiz". Regressions calculated for 
all points below 28°C and regressions o n the points sm~:)Othed by the use of running 
means (both for 25°C and 28°C) showed little difference from the regressions in 
figure 28. The equations of the regressions· are given below. For summer, r = 0.90; 
p = 0.20 X 10-4 , l-test: 
y = 2.449 - 0.062x ( 15). 
For winter, r = 0 .82; p = 0.06 x 10- 2 : 
y = 2.852 - 0.066x ( 16) . 
There was no difference between the slopes of the two equations (p = 0.81; analysis 
of variance on slopes; Snedecor and Co hran, 1967:432-436). Both regressions 
extrapolate to zero at an ambient temperature that is well in excess of normother-
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Figure 28 Resting metabolic rate in summer and winter at different ambient 
temperatures. 4 males and 2 females were tested in summer and 2 males, 
2 females in winter. 'Triangles' are values for summer, 'squares' are values 
for winter. Method of curve fitting described in text. 
Seasonal metabolic rate 4.2.5 
mic body temperature, 40°C for the summer curve and 43°C for winter. This agrees 
quite well with Collins (1973), who found x-intercepts around 46°C. The regression 
cq uations J 5 and 16 arc also very similar to those given by Collins ( 19 7 3), which 
adds some confidence lo what were n.ot particularly strong findings. The lack of 
difference between equations 15 and 1 G suggests that thermoregulatory changes 
between summer and winter were minor. There is some indication that resting 
metabolic rate was higher in winter, but much more research would be required for 
any definitive statement. There is also the problem that the mean weight of each 
sample was not the same. The mean weight of the summer sample was 94 ± 5 g and 
the mean weight of the winter sample was 118 ± 8 g. 
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Discu s1on 4.3 
4.3 Di cuss10n 
4.3 .1 GeneraJ Review 
Comparisons of organ weights between summer and winter showed marked 
changes in body com.position between seasons . Head length, eye lens weight and a 
multiple regression on both were used for determining age. Head length was found 
to und restimate and the other two methods to ·overestimate age. Nevertheless, 
extrapolations to find the month of birth showed that all three methods could 
divide the population accurately into cohorts . Births were found to occur from 
October to April, but most of the young were born in _mid·-summer. 
The age structure of the samples collected for the analysis of body 
composition was similar to that expected from the study of a live population 
(Chapter 3) . The two summer samples showed the greatest difference in mean age 
between any two samples; in addition the February sample had an uneven sex 
ratio. These differences were used as an indicator of unwanted variation. Age 
differences and concomitant differences in body weight are one of the major sources 
of unwanted variation when comparing individuals in a heterogeneous population. 
The effect of age (and body weight) was largely removed by correcting the organ 
weights of each individual to that of a hypothetical "average" individual 
(described in 4 .1.8). 
Correction for age, in the present study, allowed sensitive an alyses of seasonal 
trends . The findings fell into three gro ups. Group I (testes, h eart, adrenals and 
spleen) decreased in weight between summer and winter. Group II (hair, lipid, and 
B T) increased in weight. Group III (body and liver) decreased in weight to late 
autumn, increased steeply between Ivlay and June and decreased again until the end 
of the winter. 
Modification of organ weigh ts, or "trophic" responses (Kleiber, 19 63), are used in 
the present study as an indication of ad aptat io n to winter. Differences in the gross 
weight of organs can, however, only hi_nt at functional differences. Limitations 
on the use of gross weights include the follo,ving: (i) an organ can become more 
efficient ,vithout an alteration in weight; (ii) total weight does not indicate which 
tissue within the_ organ are changed (Barnett and Mount, 1967). This is perhaps the 
major limitation in attempting to explain . the findings in 4 .2 and is cons idered in 
the discussion . 
Winter ( defined for the purposes of the present study in 2. 2) also means 
different thing to different people and o ft en means different things to different 
specie , all of which could be a ource of confusion. In- the discussion to follow, the 
studie cited are alma t all from temperate or colder regions of the orthem 
B erni phere. Hence ,vinter is used loose ly below to mean the colde t months of the 
year, but when th e degree of severity of the winter is important to understand the 
re ult or ,vhen two studies at different locations are compared, then either the 
country or the latitude is given. 
4.3.2 hanges induced by cold and by winter in Ratlus norvegicus 
The difference between changes induced by exposure to cold in the laboratory 
and change in natural populations in respon e to winter are discussed briefly in 
2.3 . erie of paper b Heroux and hi co ll eagues distinguish change in body 
corn po i Lion of the following categories, ( i) white rats ( R. norvcgicus) exposed ( a) 
alone and (b) in groups to low tern peratures in the laboratory, ( c) kept outdoors in 
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Canada in winter and (ii) wild-trapped R. norvegicus in winter (Heroux and Gridge-
man, 1958; Heroux and Campbell, 1959; Heroux and Schonbaum, 1959: Heroux 
et al., 1959; Heroux, 1961b; 1962; 1963b). Much of the information is summarised 
by IIeroux (1961a; 1963a). A tabular summary is presented by Heroux (1963a) 
and a briefer version is given by Barnett and Mount (1967). 
Hyperplasia of pituitary, thyroid, thymus and adrenals and cold-related injuries 
were observed only in the laboratory rats exposed individually to constant low 
temperatures. Heroux (1963a) suggests that these adjustments are a reaction to the 
"stress" of continuous cold and are not involved in adaptive resistance to cold. Only 
the winter-adapted rats increased their pelt insulation, and only the wild rats 
increased their fat reserves in winter. Both categories of laboratory rats kept in 
constant low temperatures and the winter-adapted wild rats had an increased resting 
metabolic rate (tested at 30°C), but the winter-adapted laboratory rats did not. 
All categories showed (i) improved survival time at -35°C, (ii) an increase in 
maximum metabolic rate and (iii) increased sensitivity to norepinephrine and an 
improved capacity for nonshivering thermogenesis. 
Heroux (1960) also monitored the effect of intermittent cold on laboratory rats. 
He e posed rats individually at 6°C for a few hours each day for 4 weeks, and 
found similar changes to those in rats kept alone continuously at low temperatures. 
The adrenals still tended to · hypertrophy. The only differences from rats kept in 
continuous cold were (i) no cold injury and (ii) no change in car vascularisation or 
thickening of the ear epidermis, which are associated with frost-bite. 
In summary, \_he main differences between adjustment to cold in the laboratory 
and easonal adjustments were as follows: (i) In the laboratory, but not in rats 
outside, the viscera were heavier after exposure to cold (but the white rats in winter 
also had enlarged livers). (ii) Increased insulation and stored lipids in the winter-
adapted rats, ( discussed in 4.3 .5 and 4.3. 7), although the winter-adapted laboratory 
rats did not show the latter. 
The main similarity between all categories was a general increased capacity to 
produce h eat ( discussed in 4.3 .6). In addition, all except the winter-adapted white 
rats had a higher res ting metab olic rate ( discussed in 4 .3 .5). 
The e findings for R. norvegicus summarise the genera l conclusions of a vast 
number of other studies. The findings for the winter-adapted wild R. norvegicus, 
h owever, do not fully reflect changes in other wild populations of winter-active 
small rodents. R. norvegicus in the wild are commensal with man and cannot survive 
in bore al climates without food or she lter provided by man (Burt and Grossenheider, 
1964). These diffferences are discussed below. -
4.3.3 Testes and heart weights 
The massive decline in testis weight between summer and winter was not 
unexpected. ·warncke ( 19 71) found a positive relationship bel ween the testis length 
of R. fuscipes and the presence of mature sperm ( 4.2 .3). Even without this, the 
mal s of the present tudy, were obviously non-reproductive in winter. 
Birth in the Brindabellas occurred between October and April, which agrees with 
the range e ·pected from the summary by Taylor and Horner ( 19 7 36) of repro-
duction in Australian pecies of Ra-ttus. The subspecies studied, R. f.assimilis is a 
a onal breeder throughout i ls range, even in southern Queen land (\Vood, 1971). 
Ovar weights were not measure_d, in the present study, but they may also decline 
seasonally. Sealander (19 6 7), for examp le, found a close relationship between ovary 
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weight and m ean monthly minimum temperature for Clethrionomys rutilus in 
Al as ka. 
Mammals will breed throughout the year in the lab o ratory und er co ndi Li o ns of 
constant temp erature; even if the temperature is not constant many d om estic 
mamm als will breed all year round, if supplied with sufficient food. Low tempera-
tures alone do not affect breeding 'in the laboratory mouse (Mus musculus), though 
dioestru s is lengthened (Parkes and Bram bell, 1928; Barnett and Coleman, 1959). 
De Long ( 196 7) induced overwinter breeding in wild l'llus musculus by supplement-
ing the fo od supply. Heavy acorn crops in autumn (providing a good supply of 
winter food) have been shown to be a prerequisite for winter breedin g by bank voles 
(Clethriononiys glareolus) (Smyth, 1966) and by wood mice ( Apodemus sy.lvaticus) 
(Smyth, 1966; Watts, 1969). Hence a good food supply may induce breeding 
out-of-season, though the eventual effort on th e population may be minor, as found 
by Krebs and DeLong (1965) and DeLong (1967). 
For mammals as for birds day length is often crucial for the onset of breeding 
(reviewed by Fraps, 1962; Sadleir, 1969; and for two species of vole by Clarke, 
1977) . Lynch (1973) found that both the testes and the fe m ale reproductive tract 
of white -footed mice (Peromyscus leucopus) kept under lon g d ay-length condi tions, 
were h eavier than those of mice kept under short-day lengths. More recent research 
tends to examine energy costs and strategics for reproduction (Sadlcir et al., 197 3; 
Anderson et al., 1976; Randolph et al., 1977; Clutton-Brock and Harvey, 1978), 
which leads to the topic of energy budget s and energy flow in small mammal 
populations, summarised by Delany (1974) and discussed briefly below (4 .3.9). In 
terms of winter adaptation the cessation of breeding for females and the atrophy of 
the m ale gonads in winter is certainly a means of eco no mi sin g energy. Hut in the 
present study, no detailed evidence was collected on the re produ ctive strategies of 
R. fuscip es. 
Heart weight, in the present study, decreased in winter, which probably indicates 
so me form of lowered fun ction. Since th e converse, increased cardiac output, is 
always indicated by an enlargement o f the h eart , though hypertrophy may also 
indicate pathological conditions (Smith and H amlin, 19 7 0). 
The h eart weigh ts of laboratory rats, kep t alone or in groups, increase on 
ex posure to constant low temp eratures (Heroux, 19 63a). Heart wei ghts of wild-
trap p d R attus norvegicus are als o higher in winter than in summ er (Heroux, 1963a; 
Andrew et al., 197 2); whereas those of lab oratory rats· kept ou tside in win ter do 
no t change (Heroux, 1963a). Andrews el al. (1972) also observed pathological 
change in h earts, livers and kidneys of a population -of R. norvegicus inhabiting a 
rubbi h dump. They attribu ted the initial cause of pathological changes to over-
rowding in summer, but the symptoms were worst in early winter. The evidence, 
h oweve r, is inco nclu sive. 
Bc1rnctt and Widd owso n (1965; ] 971) studi ed body composition and reproduc-
tive processes in three groups of laboratory mice (J\..1.us musculus): (i) Controls at 
21 °c, (ii) mice of the first generation bred at -3 °c, (iii) mice bred at - 3 °c for 14 
generat ions. Barn ett and Widdowson (1971) found the heart weights of females of 
all thre groups, at the end of their first pregnancy, to be about twice those of virgin 
female , which dem onstrates the lability of the heart in being able to cope with the 
increa ed energy demand s of pregnancy. The hearts of mice of the first generat ion 
at -3°C were 23% and 29% h eavier, for males and females, re pect ivcly, than those 
of con trols at 21 °c (Barnett and vViddowson, 1965); which reflects the higher 
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metabolic rate and all it en tail , including cardiac -'.)utput, demanded by the cold 
environment (Barn tt et al. ,. 1959). The he art weights of n. ice of the 14th generation 
at -3°C were still 1 7% higher than those of the con t ols, but they were also lighter 
than those of mice of the first generation, indicating perhaps, that the mice were 
better able to cope metabolically at -3°C than mice of the firsL generation. 
Laboratory rats exposed to constant low t.emperatures and wild rats in winter 
have a higher resting m etabolic rate, correspo nding t o their increased heart weights 
(Hero 1x , 1963a). Rut the laboratory r2.ts kept outside in winter d id not increase 
their heart v\leight or resting metabolic rate (Heroux, 1963a). The percentage loss of 
h eart ·wei ght of chronically and acutely starved laboratory rats decreases with that 
of b ody weigh t (Keys et al., 1950). Resting metabolic rate also decreases when 
labor~tory rats are deprived of food, hestertc:rp (19 77) . In the present study, 
however, R. fuscipes had lo wer h eart weights in vvinter than in summer, but they 
also h ad apparently a higher resting metabolic rate (4.2.5), which suggests perhaps 
a decreased demand for exercise in winter, rather than a lower heart rale at rest. 
But the evidence presented in Chapter 5 on changing patterns of locom0tor activity 
in \vinter is a much 1nore convincing d en1onstrn.tion of this. 
4 .3.4 Adrenal and spleen weights 
findings on adrenal weights and even on secretory profiles of the adrenal are 
difficu lt to interpret and n1ust be con sidered cautiously. "Vvith the possible 
c.~ception of the pituitary gl3.nd, the adreual glands are the most diverre in their 
effects " (Dickson , ] 970) . Dickson (1970) says that both the medulla and th e cortex 
appear to be important :n the adaptation of the ani1nal to adverse environmental 
effects . Hormones produced in the rnedulb are the catecb o larnines: epinephrine and 
norepinepluine . The .:::ortcx secrets steroid hormones, which are called cortico-
stero ids. 
Iorcpinephrine released fron1 sympathetic nerve endings has been shown to be 
of u t.most importance in regulating nonshivering therm ogen~sis ( discussed in 4 .. 3. 6). 
But, although the calorigenic ac tion of norepinephrine is •..veil known, the actual 
mediatory role of the adren al medulla is stiil unclear (Hart, 1971). Indeed , though 
an increased adrenoconical activity has been repeatedly sho\vn for rars exposed to 
cold, the role of the corticosteroids in response to cold is even less clear (Hart, 
1971). Hence l:arlier comm,:~1ts on the limitations of organ weight as an index of 
or gem function ( 4.3 .1) are particularly rdev~nt to the J.dren als. This is not only 
bec2..use of the diverse fun ctio 1 of the gbnds: but also because of the contn.dictory 
-:1ature o f many experimental -findings . Two problems hich need to be disc1_1ssed are 
(i) ad renal ~·.-eight as an index of secretory act ivity and (ii) sexual differences in 
adr1....nal resporn:.e . 
(i) 11ost aL,thors study the secretion of corticostero1ds . Some have found a close 
coirelation bet\ ·een adrenal ,veight and cortical activity in populati•:}ns of small 
m;immals and others h ave not. Cortical secretory profiles follow the same sea -ona l 
trend :is rebt1'i:c a<lren3.1 v_;c ight in a population of deer mice (.Peromyscus 
rnan ,.-culatas) (A,1drews et al., 1975) . Andr . \'iS et al. (1 072 ) also found n ·asonL1bl, 
.-1.grcement het,,:een conicostcroid productjon and adrena l \veight in a p o pulation 
of wild RaUus nurveg:'clls. IIero tx and Sd·,6nbaun1 (1959) and Heroux (19G3:i), 
in ·ontrast, founJ Lhat ;,vbik lhe adrenals of iaboratory rnts exposed alone to 
coEstant '. ow temperatures hyp·~rtrop hi "ci, bEt d icl not incrc '-~sc their rate of C(Htico -
stcro(d secretion, he adrcn , ls of bb >ratory and w~ld Rattus norvc, 'zcus o utside in 
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win Ler did not change in weight, but did increase corticosteroid production. 
Seabloom et al. (1978) also did not find a good relationship between adrenal weight 
and corticosterone production, especially with fem ales; though they did find lower-
ed weights and lowered secretions in winter. They found that non-pregnant females, 
although they had lighter adrenals, secreted more corticosterone. 
(ii) Hart (19 71) reviews the sex differences which have qeen found for tempera-
ture regulation in rodents. He says that sexual differences are generally small, but 
this is not true when one comes to adrenals. It is a general finding for mammals that 
females have heavier adrenals than males. Sealander (1967) found an almost 
identical seasonal pattern of adrenal and ovary weight in the red-backed vole 
(Clethrionomys rutilus) which paralleled mean monthly minimum temperatures. 
The adrenal weights of males also decreased in winter but less markedly and did not 
follow a similar pattern to the marked changes in testes weights. O'Farrell and 
Studier (1976), To and Tamarin (1977) and Seabloom et al. (1978) have also noted 
an increase in adrenal weight in pregnant or lactating females as have many other 
authors. Robinson ( 19 7 6) measured several parameters associated with the adrenals 
1n R. fuscipes, such as weight, steroid secretion and areas of the separate parts of 
the cortex. He also found an increased adrenocortical activity associated with 
pregnancy and lactation. · In the present study, the summer weights of female 
adrenals were extremely high and this appeared to account for the greater decrease 
of weight between summer and winter in females, than in males (table 24; Appendix 
2.2). The lower amounts of carcase water of fe1nales in summer than in males (table 
24) may also have something to do with reproductive state. 0 f other studies of lipid 
and body water cycles in small mammals ( discussed in 4.3. 7), only two comment 
on this. Evans (1973) and Iverson and Turner (1976) found higher water contents in 
two species of vole (Microtus agrestis and M. pennsylvanicus) during the breeding 
season. Barnett and Widdowson ( 19 71) also found a higher percentage of body 
water in mice at the end of their first pregnancy, than in virgin mice. No explanation 
can be given of the reverse finding in the present study. The brown adipose tissue 
(BAT) of females in summer as well as being lighter than that of males (table 24) 
was a deep red-brown colour in females which were pregnant or lactating and 
appeared to be depleted of lipid. Pasanen (1971) found similar sexual differences 
in interscapular BAT weight in summer for the common shrew (Sorex araneus) and 
the bank vole (Clethrionom ys glareolus). Hence the main sexual differences in body 
composition, in the present study, appeared to be related to the reproductive 
condition of females in summer, although, of course, the adr'enals of females were 
heavier than those of males throughout the year (4.2.1). 
Despite the contradictory findings concerning adrenal weight and adrenocortical 
activity above, and despite sexual differences, studies of seasonal changes in 
adrenal weight in cold climates generally show a decrease in the adrenal weights of 
both sexes in winter. ·Although Andrews et al. (1972) found an increase in weight of 
the adrenals of wild Rattus norvegicus in winter and Heroux and Schonbaum ( 1959) 
found no change in weight between seasons, in non-commensal winter-active rodents 
the general finding is as above (Schwarz et al. 19 64; Siuda, 19 64; Sealander, 19 6 7; 
Hyvar~nen, 1969; Lynch, 1973; To and Tamarin, 1977; Seabloom et al., 1978). 
Siuda ( 1964) and · Hyvarinen ( 1969) studied seasonal changes in the adrenals of the 
common brew (Sorex araneus) in Poland and Finland, respectively. There was some 
geographical variation, but in both studies the zona fasciculata and the zona 
reticularis of the adrenal cortex became thinner in winter, whereas the zona 
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glomerulosa and the adrenal medulla did not appear to change much in size. 
Floffman and Robinson (1966) reported similar changes in the adrenals of white-
tailed deer (Odocoileus virginianus) in winter. Ro-binson 's ( 19 7 6) findings for 
R. fuscipes apparently show a similar decline in the combined area of the zona 
fasciculata and reticularis in winter. Robinson ( 19 7 6) used a series of parameters 
(cited above) to estimate adrenocortical activity. He found a lowered adrenal 
responsiveness in winter in Sherbrooke forest, as was indicated by adrenal weights 
in the present study. Robinson cited three periods in the life cycle of R. fuscipes 
when there was heightened adrenocortical activity: (i) in juveniles after weaning in 
March, possibly associated with juvenile dispersal, (ii) in males during the mating 
season (see Chapter 3 for discussion) which he associated with increased agonistic 
behaviour, ( iii) in females during pregnancy and lactation ( described above). 
Lynch ( 19 7 3) studied the adrenal weigh ts of wild-trapped white-footed mice 
(Peromyscus leucopus) cited above, and of captive animals kept at 26°C and at 
5°C, under long (16:8 LD) and short (9:15 LD) photoperiods. He found no 
difference in adrenal weight between the two temperatures, but mice on long day 
lengths had heavier adrenals than mice on short day lengths at both 26°C and 5°C. 
Here is an instance of a direct effect of pho toperiod on an endocrine gland. More 
instances of the effects of photoperiod on body functions are discussed in 5.3.1. 
An interpretation of the findings in the present study, in terms of winter 
adaptation and based on the discussion above, stiH remains. Iverson and Guthrie 
( 1969) define environmental stress as any factor operating within the environment 
which exerts a forceful pressure on the organism or population. Barnett ( 19 7 6), who 
reviews researches on "social stress" which have been linked with adrenal changes, 
gives an al temative view. He considers that interpretations in terms of "stress" 
do not add to our knowledge and prefers to work within a framework of quantita-
tive physiological comparisons, that is, to correlate changes such as those in the 
adrenal gland with other physiological phenomena. Some changes in adrenal weight 
which have been taken as indicative of "environmental stress" are the following. 
(i) Chronic starvation of laboratory rats causes atrophy of the adrenals, but 
acute starvation causes adrenal hypertrophy (Keys et al., 1950.). 
(ii) Exposure of small mammals to lower temperatures in the laboratory often 
causes hypertrophy of the adrenals (reviewed by Heroux, 1961a). 
(iii) Pregnancy and lactation, discussed above, are usually associated with adrenal 
hypertrophy. 
(iv) High population density or overcrowding is sometimes accompanied by 
hypertrophy of the adrenals (e.g. Christian and Davis, 1964; Andrews et al., 1972; 
To and Tamarin, 1977). 
But th re are exceptions to all these findings. For example, J.L. Barnett (1977) 
studied a dense island population of R. fuscip es, which Robinson (1976) had found 
did not show a seasonal increase in agonistic behaviour. The island rats showed less 
adrenocortical activity than a mainland population when subjected to ether or to 
social "stress" (in a contrived encounter). 
In the present study, as i·n other studies cited above, both male and fem ale 
adrenals were lighter in winter than in summer. This does not tell us much, but it is, 
at least, a negative finding. Had adrenal weight increased in winter, an explanation 
would have been desirable. 'fhe findin g in Chapter 3 of improved survival in winter 
tells us more about the status of the population in winter. 
The spleen varies greatly among individuals so that quantitative analys es are 
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usually difficult, but in general, the spleen loses more weight during starvation than 
does the whole body (Keys et al., 1950). The spleens of laboratory animals exposed 
to cold, and of small mammals in winter, tend to decrease in weight (reviewed by 
Heroux, 1961a); but it appears to be a decline in whole body weight which causes 
the spleen weights of white rats to become lighter when they are exposed to cold 
(Heroux and Gridgeman, 1958). 
Barnett and Widdowson ( 19 71) found that spleens of priiniparous mice kept for 
many generations at -3°C were much heavier than those of virgin mice. Of that 
"enigmatic organ", however, these authors find in general the spleens of laboratory 
mice bred for many generations at -3°C were 10% lighter than those of controls 
at 21 °c and also lighter than those of first generation mice at -3°C (Barnett and 
Widdowson, 19 65 ). They suggest two possible explanations: 
(i) Decline in .spleen weight might be due to reduced infection in the cold. 
(ii) Because other work suggests that the spleen is regularly lighter in cold-
adapted mammals (they cite · Emery et al., 1940 and Farrand, 1959), the light 
spleens of mice bred at -3°C for many generations may merely reflect a highly 
cold-adapted state and have nothing to do with infection. 
It is impossible to choose between the alternatives above, although the idea of a 
reduced infection rate is appealing. R. fuscipes in the Brindabellas certainly had a 
lower ectoparasite burden in winter (unpublished observation). Nevertheless, as 
with the findings for adrenal weight, the findings for spleens, in the present study, 
are negative. If spleen weight had increased in winter, this might have indicated 
disease conditions and an explanation would have been desirable. No individual 
from the winter samples, however, had an abnormally enlarged spleen. 
Sealander and Bickerstaff (1967) develop · an argument, based on a study of the 
red-backed vole (Clethrionomys rutilus) and on earlier studies of seasonal changes 
in blood values of a number of small mammals by Sealander (1962; 1965; 1966), 
that the spleen and other erythropoietic organs and tjssues are important in the 
metabolic adjustments of small mammals to seasonal cold. Sealander ( 1962; 1965) 
has shown that some species of small mammal have higher blood oxygen capacities 
in winter, but the evidence is incomplete. 
4.3.5 Insulation and metabolic rate 
Barnett (1959) studied the skin and hair of three strains of laboratory mice of 
the second generation reared at -3°C. Hair weight was greater than that of controls 
at 21 °c by 9, 18 and 29%, respectively, whereas skin weight was lighter. Sealander 
(1972) found a similar relationship between the skin and hair weights of red-backed 
voles (Clethrionomys rutilus) in winter, in Alaska. Their hair weight in winter 
increased by 7 8% over the summer value. Sealander cites a similar finding by 
Borowski (1968) of an inverse relationship between skin and hair weight in the 
common shrew (Sorex araneus) and suggests that the phenomenon may be wide-
pread in mammal . He relate changes in skin weight to the moult cycle ( discussed 
in 4.2.3). Barnett (1959) measured the thermal insulation of skin and hair. He found 
a marked increase in hair insulation of the mice at -3°C over controls at 21 °c 
and a decrease in skin insulation . Ruffling the hair caused a 25% improvement in 
insulation. Measurement of the insulative capacity- of drying skin is, of course, an 
even less true reflection of insulation in vivo than the measurement of dead hair. 
An increase in subcutaneous fat would also more than balance the loss of 
insulation in the skin (4.2.3). Interestingly enough, Sealander (1972) took an index 
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o[ subcutaneous fat - in Clethrionomys rutilus and found little change bclween 
seasons . Cherry and Verner (1975) measured seasonal hair length and hair density of 
prairie voles (Microtus ochrogaster). Hair density increased by 36% in winter, whereas 
hair length increased by only 5.5%, indicating perhaps a physical consequence of 
small body size ( discussed below). These results on hair insulation reflect a general 
finding for winter-adapted small mammals. In the present study, R. fuscipes increas-
ed hair weight by 40% in winter (table 23; Appendix 2.2) and similarly had lighter 
skin weights. 
Barnett and Mount (1967) and others state that improved insulation cannot be an 
important factor for a small mammal. They are referring to the physical consequen-
ces of size (reviewed by Schmidt-Nielsen, 1972; 1975). Kleiber (1961) explains this 
succinctly in a much-quoted example concerning mice and steers. If a mouse had the 
same low weight-specific metabolic rate as a steer, to maintain body temperature it 
would need to be insulated with fur at least 20 cm thick. Consequently, a small 
mammal can never increase its thermal insulation and lower its lower critical 
temperature to the same extent as a large mammal. For example, the arctic fox in 
winter has a lower critical temperature of below -40°C (Scholander et al., 19506) 
and presumably need rarely raise its metabolic rate to maintain body temperature. 
Small mammals, in contrast, are "avoiders" of such severe temperatures and seek 
more favourable micro-climates (Hayward 1965c). 
Nevertheless, the fact that a large mammal benefits more by increasing its 
insulation in winter does not imply that increased insulation confers no benefits on 
a small one . Growth of hair conserves energy partly because the energy cost is borne 
before winter, whereas an increase in metabolic rate in response to low temperatures 
is extravagant energetically. Bartholomew ( 19 726), for example, quotes a study of 
a population of house sparrows, whose weight of body feathers increased 70% in 
winter and whose lower limit of temperature tolerance (defined as an LD5g, the 
minimum temperature at which 50% of the birds could survive) was -25 C in 
January and rose gradually to 0°C by late summer (L.B. Barnett, 1970). Much of 
the difference in temperature tolerance can be explained by an increase in maximum 
heat production, but the thermal tolerance limit decreased 12°C after the autumn 
moult in October when the feather weight increased by 70%. 
The benefits of increased thermal insulation for a small mammal in winter are 
related to its microhabitat and behaviour. When a small fossorial rodent is resting 
in its burrow in winter, microenvironmental temperature is of major importance 
(Hayward, 196 5c). Burrow temperatures remain fairly constant throughout the year 
and do not follow the large fluctuations of environmental temperature; combined 
with the insulative effects of a nest and of huddling, the temperature experienced by 
a small mammal at rest in its burrow may be quite mild though probably not within 
Lhe thermoneu tral zone (Hayward, l 9G5c). In these circumstances, an increase in 
hair in sulalion will confer some, if only small, energetic savings. Ilayward (19G5c: 
34 7) says: "a deer mouse which may be exposed to short periods of subfreezing 
temperatures in its nocturnal activities expends a great deal of energy for such 
periods owing to the additive ·nature of the heat increments for activity and thermo-
regulation." Bartholomew ( 19 7 26) explains why exercise and thermoregula tion are 
additive in mall mammals (discussed in 4 .3.6). Obviously, if a small mammal limits 
its excursions outside the burrow, a great deal of energy is saved ( discussed in 
5.3.2). Extra insulation may also ameliorate slightly the extravagant expenditure of 
energy during such excursions. Not much is known of the dynamics of hair 
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insulation under these conditions, although its efficiency is known to decrease with 
movement (Belding et al., 1947). 
It is difficult to plot the relationship between ambient temperature and 
metabolic rate accurately; and it is especially difficult to locate the junction between 
the thermal conductance slope and the thermoneutral zone (4.1.7; 4.2.5). These 
problems make it even more difficult to find a difference in the resting metabolic 
rate of a small mammal between seasons. Cherry and Verner ( 19 7 5) found no 
seasonal difference in thermal conductance for the prairie vole, although there was 
a marked increase in hair insulation. In the present study, the thermal conductance 
slopes of summer and winter animals were the same (fig. 28; 4.2.5). The negative 
results could partly be due to a lack of sensitivity of measurement, but the ea.rly 
theory of metabolic curves describ ed in 4.1. 7 is also .an oversimplification. 
Bartholomew (1972a,b) gives a comprehensive summary of current theory. In a 
complex world, the unequivocal definition of the thermoneutral or thermal neutral 
zone in 4.1. 7, becomes "the range of. ambient temperatures over which a homeo-
therm can vary its thermal conductance in an energetically inexpensive manner and 
on a short time scale" (Bartholomew, 19726:325). In the present study (4.2.5) and 
in the more detailed study by Collins (1973) of two populations of R. f.greyii, 
tl-i.e thermal conductance slopes extrapolate to zero metabolism at temperatures 
well above the body temperature. Alternatively if thermal conductances are 
calculated from Newton's law of cooling ( conductance = metabolic rate/body 
temperature - ambient temperature) the result is not a straight line: conductance 
decreases as the temperature decreases. Hence Newton's law of cooling, which is the 
basis of the hypothetical straight-line conductance slope, does not apply to R. 
fuscipes. This is not surprising, since several authors have pointed out that Newton's 
law of cooling is unrealistic for live animals (Kleiber, 1961; Strunk, 1971; Kleiber, 
1972). Kleiber (1961; 1972) advocates Fourier's law of heat flow instead. 
This leaves a problem of how to compare one's findings with those on other 
mammals. Fortunately, both (i) standard metabolic rate (SMR), or an approxi-
mation and (ii) thermal conductance can be shown to be proportional to an 
exponential function of body weight (defined in detail by Bartholomew, 1972a). 
The relevant equation is: 
( 18) 
where M is metabolic rate, a is the metabolic rate per unit weight, Wis body weight 
and b is the exponent. Unfortunately, the exact values of the constant and the 
exponent are still controversial (reviewed by Bartholomew, 1972a,b). If we ignore 
the controversial aspects, however, and compare the resting metabolism of R. fuscipes, in the present study, with that predicted for placental mammals by the 
equation of Kleiber ( 1961) and the thermal conductance slope with lha t predicted 
for small placental mammals by Bartholomew ( 19 726), the following result 
emerges: 
(i) the standard metabolic i·ates of summer and winter rats (mean of all measure-
ment > 26°C in fig. 28) were very close to those predicted ( 1.03 and 1.09 ml 
02/ g.h, respectively). The summer value was marginally lower and the winter value 
marginally higher than that predicted. 
(ii) the thermal conductance slopes ( equations 15 and 16; 4 .2. 5) were between 32 
and 36% lower than predicted. Collins ( 19 7 3) found similar standard metabolic 
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rates to those predicted for R. f.greyii and thermal conductances of 52% and 66% 
less than predicted. These findings add weight to th e results (based on small samples) 
in the present study. Collins ( 19 7 3) implies, because of the large difference in 
conductance from expected values, that R. f.greyii has extremely efficient in-
sulation, but there are other possible explanations. McNab ( 1966) and MacMillen 
and Lee ( 19 70) suggest, with strong supporting evidence, that most nocturnally 
active and diurnally fossorial rodents have standard metabolic rates lower than those 
predicted. This is sensible energetically, in line with the discussion above of energy 
conserving strategies of small mammals in their burrows, since it helps to minimise 
heat production and is especially advantageous if the a,nimals do become torpid 
(MacMillen and Lee, 1970). R. fuscipes in the pres ent study did not appear to adbpt 
this strategy of a lower than predicted metabolic rate . 
The lack of a change in the thermal conductance of resting R. fuscipes between 
summer and winter does not negate the possibility that improved insulat~on confers 
energetic benefits in winter. Bartholomew (1972b) says that this type of inform-
ation on conductance is difficult to place in an ecological context because it 
relates to the .performance of fasting animals at rest under controlled conditions. 
Information on conductance under specified conditions of activity is exceedingly 
scarce (Bartholomew, 1.972b) . Wunder (1970) studied the energetics of running in 
Merriam's chipmunk (Eutamias merriami). Running causes thermal conductances to 
increase to more than twice the resting level, but at low temperatures ( 5°C) con-
ductance does not increase in proportion with th.e rate or velocity of running. There 
is, therefore, a complex relationship between oxygen consumption, thermal 
conductance and temperature during activity. Further research may reveal a role 
for hair insulation in conserving energy within this complex relationship. 
Stebbins ( 19 7 8) says that most bore al small mammals have higher resting 
metabolic rates in winter. Cherry and Verner ( 19 7 5) say the exact opposite. They 
have obviously read different authors. Small mammal s have a wide range of 
physiological over-wintering strategies, from raised or lowered standard metabolic 
rates to torpor and hibernation. Standard metabolic rate need not change at all 
be l ween seasons. Hayward ( 19 65 b) studied six geographic races of deer mice 
(Peromyscus leucopus) and found no evidence of differences in standard metabolic 
rate based on body size or climate . 
In conclusion, R. fuscipes had standard metabolic rates similar to those predicted 
for small placentals. There was an apparent small increase in standard metabolic 
rate in winter, which may be related to the animals' capacity for heat production 
in winter. 
4.3 .6 Non hivering thermo genesis and brown adipose tissue 
When a mammal is first ex posed to severe cold it shivers and so produces more 
heal, yet after some days the rate of shivering decreases, but heal production 
remains high (Ban1ett and Mount, 1967). Shivering is an emergency short-term 
r sponse to cold and is energetically very costly. In the example, the maintenance 
of body temperature by shivering thermogenesis is gradually replaced by a long-
term less costly form of higher heat production, termed nonshivering therm9genesis 
(NST). Nonshivering thermogenesis is almost invariably used in this sense in the 
literature, whereas it would be slightly more precise to refer to thermoregulatory 
nonshivering thermogenesis (Hayward, 19 71 b). But the terminology is awkward and 
NST alone is used below. 
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In 4.3.2 changes in the body composition of wild and domestic Rattus norvegicus 
are discussed . White rats exposed to constant low temperatures in the laboratory 
and white and wild rats outside in winter have the -following in common: (i) an 
increased survival time at -3 5°C; (ii) increased maximum metabolic rate; (iii) 
increased sensitivity to norepinephrine administered by injection ( 4 .3 .2). All three 
demonstrate an increased capacity for nonshivering heat production. Similarly, in 
the study of house sparrows cited above (L.B. Barnett~ 1970), the increased 
temperature tolerance in winter was partly attributable to an increase in insulation, 
but most was caused by an increased capacity for heat production. 
NST is mediated by the action of norepin ephrine released from sympathetic 
nerve endings ( 4.3.4). An optimum dosage of norepinephrine injected into a 
curarised mammal in thermoneutrality causes a maximal metabolic response which is 
an accurate measure of the animal's total capacity to produce heat. There are some 
exceptions, bu:t in general when a small mammal is cold-adapted (in the laboratory 
or by season) its metabolic response to the administration of norepinephrine more 
than double's (Depocas, 1960; Heroux , 1962; Jansky and Hart, 1963) . This 
phenomenon and . related influences of norepinephrine have been extensively 
inves tigated by many researchers, especially L. J ansky and his colleagues (Jansky 
et al., 1967, 1969; Bartunkova and J ansky, 1971; Mejsnar and Jansky, 197la,b; 
Mejsnar et al., 1972; Vybi ral and J ansky , 1974). 
There has been much controversy concerning the origins of the heat produced in 
NST. Jansky (1971b) compared two methods of estimating NST in white rats 
(Rattus norvegicus) maintained at 5°C. He co ncluded that skeletal muscle contribut-
ed about 50% of NST, the liver 25%, brown adipose tissue (BAT) 10%, intestine less 
than 10% and other tissues about' 5%. Estimates of this kind vary greatly between 
species and BAT contributes more to NST in young mammals and in hibernators, 
but in general, for adult placental mammals and for rodents especially, these figures 
are reasonably consistent. 
Further discussion on other aspects of NST is given in reviews by Depocas ( 1960), 
Chaffee and Ro berts (1971), Hart (1971) and Jansky (1973). A .symposium held in 
Prague in 19 70, edited by Jansky ( 197 la) summarised the state of knowledge on 
NST at that time; some specific papers within the symposium review (i) historical 
perspectives (Donhoffer, 1971), (ii) methods of estimating N ST (Mejsnar and 
J ans ky, 1971 a) and (iii) the hormonal control of NST (LeBlanc, 1971). A brief 
summary of the role of brown ad ipose tissue (BAT) in NST is given below. 
Nonshivering thermogenesis is required not only for heat production at rest but 
als o during exercise . A comment was made in 4 .3.5 t hat the energy required for 
exercise and for th ermoregulation is additive . In other words, sustained vigorous 
exercise in small mammals does not necessarily make available supplementary heat 
which is of thermoregulatory significance . Several factors, according to Bartholo-
mew (19726), contribute to this paradox: 
(i) Exercise inhibits shivering, so that shivering has no role in heat production 
during exercise. 
(ii) The movements used ir1 locomotion probably disturb the insulative integrity 
of the pelage so that the heat produced by muscular activity is not retained. 
(iii) The increased peripheral circulation which accompanies vigorous exercise 
als o increases the rate of heat loss. 
Hence NST is still required to maintain body temperature during exercise, which 
explains why foraging and other activities outside the burrow at low ambient 
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temperatures, discussed in 4.3 .5, are so energetically costly. Point (ii) above is 
integral to the earlier discussion ( 4.3 .5) of the possible benefits of an increased 
pelage during exercise. If the thicker pelage contains some of the muscular heat 
which is produced, then this is a mechanism for energy conservation. The increased 
peripheral circulation and the inability to shiver during exercise, in contrast, cannot 
be modified. 
In the present study, no direct measurements were attempted of NST. The 
weights of brown adipose tissue (BAT), however, were intended as an index of NST 
and o [ seasonal changes in the capacity to produce heat and this is explained below. 
The thyroid hormone also plays an important role in the long-term development 
of NST (Heroux, 1963a; Bartholomew, 1972b; Narayansingh and Aleksiuk, 1972), 
and measurement of thyroid function would have been another good indication of 
seasonal changes in NST, but this was beyond the scope of the present study . 
Smith and Horwitz (1969) thoroughly review the literature on BAT up to 1969. 
OLher excellent general discu·ssions are given by (Joel, 1965; Lindberg,. 1970; 
Chaffee and Roberts, 1971; Hart, 1971; Hull, 1973). Briefly, BAT is richly 
innervated and vascularised and is located near major blood vessels. Rauch and 
Hayward ( l 969a,b) describe the topography and vascularisation of 13 
identifiable sites of BAT in a non-hibernator, the deer mouse (Peromyscus manicula-
tus), and in a hibernator, the little brown bat (Myotis luczfugus). The major depot 
of BAT in the body is located in the inte-rscapular region. The BAT of neonatal 
mammals consists n1ainly of multilocular cells or adipocytes, which possess high 
concentrations of both mitochondria and oxidative enzymes · (Barnard and Skala, 
19 70). As mammals age the multilocular cells change to unilocular cells, and further 
growth of the unilocular cells, by lipid deposition, leads to a large decrease in the 
mitochondrial population per unit volume of tissue (Cameron, 1975). During 
exposure to cold new multilocular cells arise from cells associated with the vascular 
bed (Cameron and· Smith, 1964), but even so the BAT of adult mammals is never as 
efficient as that of neonatal mammals. 
Because of its structure BAT is capable of converting stored energy quickly into 
heat, and because of the rich vascularisation of the tissue the heat can be transferred 
readily to sites of cold threat. Further, BAT has no function other than thermo-
genesis . Hence one might expect that changes in BAT would provide a good index 
of changes in the capacity for heat production, but to demonstrate this two 
questions must be answered. (i) \,Vhat happens to the BAT of a small mammal when 
it is exposed to cold? (ii) What is the role of BAT in terms of the total capacity of 
the body for nonshivering thermogenesis? 
(i) Port et et al. ( 19 7 6) studied changes in the composition of the interscapular 
BAT of laboratory rats ( Rattus norvegicus) exposed to a constant low temperature 
of 4°C. Lipid content fell rapidly, during the first 2 d:iys of cold exposure, from 
120 to 30 mg, and then began to increase. Tissue weight did not change as much, 
because the BAT took up water rapidly in the first 4 h of cold exposure. Hence 
when a rat is exposed to cold the immediate effect is to convert energy stored as 
lipid into heat to maintain hody temperature. The conversion of stored lipid into 
energy in white adipose tissue is slow, but in BAT the nerve endings connect 
directly with the cells. Release of norepincphrine from sympathetic nerve endings 
cau e mobilisation o [ fat reserves and quick conversion into energy, because of the 
high concentrations of mitochondria and oxidative cells. This is the immediate short-
term effect of exposure to severe cold. In the study by Portet et al. (1976), the total 
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weight of lhe interscapular BAT increased rapidly to about 1.5 x the original value by 
day 7, and continued to rise slowly after that. The percentage contents of lipid; 
protein and water had also stabilised by day 7, and -remained virtually unchanged 
until the experiment ended on day 42. More detailed descriptions of control 
mechanisms and biochemical mechanisms are given in the last one-third of the 
symposium edited by Jansky (1971a). 
(ii) If BAT accounts for only about 10% of the body's capacity to produce heat, 
then changes in BAT may not reflect changes in NST of the whole body. But, 
while BAT may directly account for only a small part of the nonshivering thermo-
genesis of an adult cold-adapted rodent, it may indirectly stimulate thermogenesis 
in other tissues (Hart, 19 71). Surgical ablation of the in terscapular BAT reduced the 
metabolic response to an injection of norepinephrine by up to 59% in cold-adc:1.pted 
laboratory rats (Leduc and Rivest, 1969). Hayward and Davies (1972) found a 
similar result for the laboratory mouse. These results support a hypothesis that 
BAT can mediate the calorigenic responses of other tissues (Hayward and Davie~, 
1972). Further support comes from Derry et al. (1969), who found that there are 
two anatomically and pharmacologically distinct nerve supplies to the BAT of the 
rat. 
Changes in BAT do therefore seem to reflect changes in total heat production. 
But what component of the tissue should one measure? Hayward (1971a) was the 
first to suggest that the lipid-free dry weight of brown adipose tissue could be a good 
index of metabolic response to the administration of norepinephrine and hence of 
an animal's capacity for NST ( explained above). He found an excellent correlation 
between lipid-free dry weight and the response to norepinephrine in red-backed 
voles (Clethrionomys gapperi), deer mice (Peromyscus maniculatus) and least chip-
munks (Eutamias minimus), whereas wet BAT weight relative to body weight did 
not reflect a precise relationship. Lynch ( 19 7 3) also found a positive seasonal 
relationship between lipid-free dry BAT and the extent of NST in P. maniculatus. 
Chaffee and Roberts ( 19 71) discuss this relationship further, and find total BAT 
weight as a percentage of body weight to be a satisfactory index of NST. But, unlike 
Hayward, they make no attempt to compare findings for wet weight and lipid-free 
dry weight of BAT. 
Portet et al. (1976), cited above, found that the composition of BAT remains 
steady after an initial adjustment to cold exposure. If this finding can be extended 
to the field situation, it would add support to the suggestion that total BAT weight 
is a good index of NST. Didow and Hayward (1969) studied seasonal variations in 
the mass and composition of BAT in the meadow vole (Microtus p ennsylvanicus): 
the composition of the tissue remained quite stable throughout the year, except 
perhaps for some variation in spring, which supports a hypothesis that wet weight 
might be a good index of NST. Gilbert and Page ( 1968), in contrast, found consider-
able variation in the BAT of laboratory rats caged outdoors in winter. Did ow and 
Hayward ( 1969) offer a plausible explanation of the difference between their 
findings and those of Gilbert and Page ( 19 68), based on specific facets of the treat-
ment of the white rats, but the possibility of error always exists if one uses the wet 
tis ue weight of BAT alone as an index of NST. 
In the present study, extrathoracic and interscapular wet weight and lipid-free 
dry weight of BAT were measured. Lipid-free dry weight was shown to correlate 
well with protein content ( fig. 2 3; 4.2 .3), which is logical if lipid-free dry weight is 
a good index of NST, since protein content should be a good indication of 
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mitochondrial and oxidative enzyme content of the tissue. 
Other studies of seasonal changes in BAT generally reflect the findings of the 
present study that tissue mass increases in winter. The interscapular BAT of white 
rats doubles in mass between summer and winter (Gilbert and Page, 1968). The wet 
weight of BAT reaches a maximum in Apri l , whereas the lipid-free dry weight is 
maximal in February. But the maximal metabolic response to tyramine occurs in 
April and not in February, which tends to contradict the results discussed above that 
lipid-free dry weight is a better index of NST than wet weight. Didow and Hayward 
( 1969) found that the relative mass of BAT in meadow voles also doubled between 
summer and winter. For mature voles BAT weight increased rapidly to a maximum 
in early winter before the accumulation of heavy snow cover and then declined 
gradually, whereas for immature voles the peak weight was in mid-winter. Lynch 
(1973) found a similar peak for the lipid-free dry BAT of deer mice in mid-autumn, 
but though the weight then dropped until early winter, it increased again to a 
maximum in mid-winter, when the study ceased. The maximum weight of the lipid-
free dry BAT was also about double the summer value. Seasonal changes de-scribed 
by Hissa and Tarkonnen (1969), for the common shrew (Sorex araneus), the bank 
vole (Clethrionomys glareolus) and the field vole (Microtus agrestis) were rather 
slight compared with the changes shown by the other authors above, but all species 
showed histological evidence of greater activity in winter. Pasanen ( 19 71) examined 
weights, composition, catecholamine content and lipase-esterase activity of BAT in 
the same three species. He found that after the first nights of below 5°C in autumn 
there was a sudden decrease in the lipid content of the tissue (similar to that shown 
by Portet et al., 197 6; above) of the shrew and the bank v,ole but not of the field 
vole and an increase in catecholamine co~tent and in lipase-es terase activity. 
Catecholarnine content remained high until spring, ·whereas lipase-esterase activity 
was high only until mid-winter. 
In the present study, the wet weights of interscapular and extrathoracic BAT in 
July were not quite double those in May (increases of 78% and 86%, respectively); 
lipid-free dry BAT apparently rose by 41 % in weight between February and July, 
but there was no statistical difference (p > 0.05) between samples. 
The lack of a demonstrable difference in lipid-free dry BAT may indicate li ttle 
increase in the capacity for heat production of R. fuscipes in winter, if Hayward's 
(1971a) contention, that lipid-free dry BAT is a good index of NST, is correct. The 
percentage increases in wet tissue weights were, however, similar to those found in 
other studies. But any comparisons of capacity for NST between different species, 
which are based on relative weight changes of BAT, are very speculative. Two 
anomalies in the present study in comparison with other studies were the following. 
(i) The lowest wet tissue weights of BAT measured were in late autumn (May). (ii) 
\Vet tissue weights of BAT increased sharply between late autumn and early winter. 
Carcase lipid showed the same anomalies ( discussed in 4.3. 7). 
From the results of R. f uscipes and from the discussion above several statements 
can be made oncerning BAT as an index of NST. 
(i) Any seasonal change ob ervable in BA1 is an indication of a corresponding 
change in N T, but the magnitudes of the changes are not necessarily comparable. 
(ii) Difference in the lipid-free dry weight of BAT appear to be a better 
indication of differences in the capacity for NST than is wet tis ue mass, because the 
protein content of the tis ue is fairly stable, whereas lipid and water contents may 
change uddenly . 
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(iii) Nonetheless lipid-free dry weight of BAT may not always be a reliable index 
of NST, as is suggested by the results of Gilbert and Page (1968). 
4.3.7 Lipid cycles , 
Fleharty et al. ( 19 7 3) review seasonal studies of lipid cycles in rodents and state 
that little information is available for even the commonest small mammals in the 
wild. They are talking of winter-active small mammals, because quite a large amount 
of work has been done on the lipid cycles of small hibernators (reviewed by 
Davis, 1976; Mrosovsky, 1976). 
Fleharty et al. ( 19 7 3) studied the seasonal lipid cycle of the deer mouse (Pero-
myscus maniculatus ), the western harvest mouse ( R eithrodontomys megalotis ), the 
hispid cotton rat (Sigmodon hispidus) and the prairie vole (Microtus ochrogaster). 
They found marked seasonal changes in three species, and in the prairie vole total 
body fat fluctuated on a monthly basis; but there was no seasonal trend. In both 
the deer mouse and the western harvest mouse, lipid content was lowest in summer 
and highest in winter. In the hispid cotton rat, the lowest readings were in spring and 
the highest in winter. Sawicka-Kapusta (1968) studied the annual lipid cycles of 
yellow-necked field mice ( Apodemus flavicollis) in Poland. Lipid content was 
highest at the end of the winter and lowest in spring. Caldwell and Connell ( 1968) 
studied the annual c_ycle in body lipid of the old-field mouse (Peromyscus 
polionotus). They found an identical pattern, in both males and females, of two 
peaks of lipid content and two troughs each year. The major peak was in late 
autumn and in winter, with a smaller peak in n1id-summer, the two troughs coincid-
ed with two periods of concentrated breeding activity. Caldwell and Connell (1968) 
note the decline in male body fat in the breeding season with sqme puzzlement, 
since male old-field mice are monogamous and should not deplete their energy 
stores, as some polygamous species do, because of the large amount of time spent in 
courtship or driving away competitors. Golley ( 1962) suggests that deposition of fat 
in P. polionotus in winter could . be caused by an increased availability of food 
( especially seeds of L espedezia sericea, a plant which does not drop its seeds until 
December). Three other studies are cited by Fleharty et al. (1973), which they 
imply are not as comprehensive as those above. (i) Hsia-Wu-ping and Sun-Chung-lu 
(1963) found that the lipid content of the red-backed vole (Clethrionomys 
rutilus) was highest in spring and lowest in winter. (ii) Sealander ( 1951) found that 
the lipid content of the deer mouse (P. maniculatus) and of the white-footed mouse 
(P. leucopus) increased between summer and winter. (iii) Hayward (1965a) studied 
six geographic races of Peromyscus and found that, in all but one, total lipid was 
nearly twice as great in winter as in summer. 
Three studies contemporary with that of Fleharty et al. ( 197 3) and one more 
recent study also analyse seasonal lipid cycles. Lynch ( 19 7 3) studied the lipid 
content or white-rooted mice (Peromyscus leucopus) trapped from July to Janauary . 
The highest level of body lipid was recorded twice, in July and in January. The 
lowc t wa in autumn (November). Unfortunately, there was no indication of 
wh ther lipid content continued to rise in winter or of whether it stayed high or fell 
in spring. Hence the result tends to confuse rather than elucidate the findings of 
Sealander ( 1951) and Hayward ( 1965a) for the same species. 
Evans (19 7 3) tudied short-tailed voles ( Micro tus agrestis) and Iverson and Turner 
(1975) studied meadow voles (Microtus pennsylvanicus). Both found that females 
had more fat in summer during the breeding season, than in winter, whereas males 
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had most fat in winter. Pucek (l 973) studied the bank vole (Clethrionomys 
glareolus) and the yellow-necked field mouse ( Apodemus flavicollis ). She found, as 
did Iverson and Turner (1975) for meadow voles, that differences between years 
were greater than differences between seasons within a particular year. Iverson and 
Turner ( 19 7 5) hypoth_esised that lipid cycles in M. pennsylvanicus have an annual 
cycle but with a cycle of longer periodicity superimposed ( discussed below). 
Hence, although most of the species discussed have more- body fat in winter than 
in summer, there is a great deal of variation between species and also probably 
within species . Not all small hibernating mammals store body lipids, but those which 
do show a spectacular seasonal gain and loss of fat. Unlike the winter-active small 
mammals discusse.d above, small hibernators, which do store fat for the winter, all 
show a similar pattern of prehibernation fattening in autumn. This is followed by 
a gradual loss of lipid and body weight during winter and often the lowest levels of 
lipid content each year occur in spring (Jameson and Mead, 1964; Morton, 1975; 
Davis, 1976; Galster and Morrison, 1976; Mrosovsky, 1976). In fact, the pre-
dictability with which the lipid cycles of small hibernators produce seasonal 
fluctuations in body weight has made reviewers such as Davis ( 19 7 6) and Mrosovsky 
( 19 7 6) use the terms "cycles of body weight" and "cycles of fat" synonomously. 
For a winter-active small mammal, such as R. fuscipes in the present study, in which 
body weight declines in winter but body lipid content increases, this terminology is 
inappropriate. 
Since lipids are mainly anhydrous, the water content of the body tends to vary 
inversely with seasonal lipid content in both hibernators and non-hibernators 
(Jameson and Mead, 1964; Hayward, 1965a; Sawicka-Kapusta, 1968; Evans, 1973; 
Fleharty et al., 1973; Lynch, 1973; Pucek, 1973; Iverson and Turner, 1975). A 
different role of fat in relation to water is the production of metab~lic water from 
the oxidation of lipids, but this is 1nore relevant to desert mammals (reviewed by 
Young, 1976) and probably has no function in. winter adaptation, unless it 
contributes to the low water requirement of some hiberna,tors in winter 
(reviewed by Davis, 1976). In the present study, R. fuscipes also showed an inverse 
relationship between lipid and water content: both sexes had less body water in 
winter than in summer. 
Various theories have been put forward to explain the seasonal lipid cycles of 
small mammals. Different authors have related changes in lipid content with such 
things as, environmental temperature (Sealander, 1951); natural food supply 
(Golley, 1962; Caldwell and Connell, 1968; ivlorton, 1975); reproduction (Cald-
well and Connell, 1968; Evans, 1973; Iverson and Turner, 1975); physiological 
status and age of animals (Jameson and Mead, 1964); photoperiod (Davis, 1976; 
Mrosovosky, 19 7 6) and even population· density (Hsia-Wu-ping and Sun-Chung-lu, 
1963; Iverson and Turner, 1975). \Vhether fat is put on during reproduction (Evans, 
1973; Iverson and Turner, 1975) or lost (Caldwell and Connell, 1968) would depend 
on the reproductive strategies of the species ( discussed in 4 .3 .3). Similarly, an 
abundant food supply in winter (Golley, 19 62; Caldwell and Connell, 1968) m ay 
help animals to maintain high levels of body fat, but some small m amm als m aintain 
high lipid contents in winter even without a good food supply. The hypothesis o f 
Iver on and Turner (1975) of a cycle of longer periodicity imposed on an annu al 
cycle of lipid deposition in meadow voles is plausible, sin ce in a population wh ose 
number,:s cycle over a 4-year period or longer (reviewed by Krebs et al., 19 7 3 ; 
Delany, 1974) one would expect lipid deposition to vary not only with season but 
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also with density, that is, with the stage of the population cycle. Other unwanted 
variables which may confound the seasonal pattern, such as physiological status or 
age, have been discussed previously. 
The lipid cycle of R. fuscipes in the present study (fig. 20; 4.2.3) had some 
similarities in common with studies above and some differences. Not enough 
information was collected on reproduction .in summer to give any precise account of 
the effect of reproductive state on lipid content. Both sexes, however, maintained 
low levels of body lipid from su.mmer through to late autumn. In one month 
between late autumn (May) and the beginning of winter (June) lipid content rose 
dramatically to a maximum value; it then appeared to decline gradually for the 
remainder of the winter (fig. 20). Brown adipose tissue weight (fig. 21) followed the 
same pattern ( except that it also continued to increase in weight gradually 
between June and July) which suggests that these rapid increases in weight from the 
base value in May to a high value in June are part of the same physiological process. 
The concomitant rise in body weight and liver weight between May and June, 
against the seasonal trend, is discussed later ( 4.3.8). There was no evidence of any 
special abundance of food or of a diet of greater nutritional value in May to 
account for these sudden changes in body condition: indeed, in the Brindabellas 
R. fuscipes appeared to be strictly herbivorous, with a consistent and unchanging 
food supply ( 4.2.4). 
The increase in lipid content of R. fuscipes in late autumn is reminiscent of the 
process of prehibernation fattening of small hibernators ( 5 .3 .1), except that it seems 
much quicker in R. fuscipes. The increase in fat content between May and June is 
not similar to that of other winter-active small mammals described above, though 
Pond (1978) does show that seasonal lipid deposition in all mammals tends to be 
a rapid rather than a gradual process. Lynch (197 3), for example, found that lipid 
levels of Peromyscus leucopus were low in late autumn, but the increase in total 
lipid weight until January was very much slower than in the present study. The final 
result, of a high lipid content in winter, however, was the same in the present study 
as in many of the other studies. 
The lipid weights of R. fuscipes in the Brindabellas were measured in two years 
only. There was no evidence of any difference between the two years, but the 
possibility of va-riation in different years requires consideration. Pucek ( 19 7 3) , who 
studied her populations in 4 separate (but not consecutive; 196 3-1964 and 19 6 7-
1968) years, found a great deal of variation between years. There are three strong 
arguments, however, which support the view that R. fuscipes in the Brindabellas 
does not vary much between years and certainly does not have a cycle of longer 
periodicity superimposed on its annual lipid cycle as suggested by Iverson and 
Turner (1975). These arguments are based on the findings, cited above, on the 
factors that influence lipid content. 
(i) \Ninter temperatures at Lees Creek do not vary much from year to year (fig. 
2; 3.1.1). The food supply is consistent throughout the year and the duration of 
cold weather has no influence on survival. The winters in the studies from the 
Northern Hemisphere are longer and colder; the duration of winter may vary by 
more than a month from year to year. At Lees Creek there is no snow, whereas in 
boreal studies snow depth and other conditions, especially during the critical periods 
of the fir t now in autumn and the spring thaw (Pruitt, 195 7; 1960; Fuller, 196 7), 
may markedly influence body condition and survival. 
(ii) R. fuscipes does not show the massive population increases and crashes of 
66 
l'"l' 
I, 
[ 
I 
i: 
! 
I\ 
I 
1
11 
I 
,. 
I 
I 
I 
I 
Lipid cycles 4.3.7 
boreal species such as the meadow vole (Microtus pennsylvanicus) or the 
Norwegian lemming (Lemmus lemmus). Nor does it show the apparently irregular 
outbreaks of population size of the long-haired or p-lague rat ( R. sordid us villosis-
simus) of central Australia (Carstairs, 19 7 4). In Lees Creek Valley the population 
of R. fuscipes hardly varies at all in size from year to year (1971/72, unpublished 
observations; and 1976 to 1978, 3.4.1). Hence changes in population density do 
not affect the present study. And, because population size is not cyclic, no cycle of 
longer periodicity, superimposed on the yearly cycle of lipid content, is to be 
expected. 
(iii) The annual lipid cycle of R. fuscipes does not include a slow building up of 
fat reserves over several months, as in some other studies discussed above. The 
pronounced and sudden yearly increase in lipid content between May and June 
leaves less opportunity for variation than if the lipid cycle were one of gradual 
seasonal change. 
Hence mild winters, a stable environment and a consistent population lead to 
little variation between years; and the "on-off" nature of lipid and related BAT 
deposition leaves little room for variation. 
4.3 .8 Winter weight loss _ 
R. fuscipes in winter was lighter and the weights of the gutted carcase, lipid-free 
-dry carcase and liver were lower than in summer (table 23; Appendix 2.2). The 
decrease in weight of the gutted carcase and of the lipid-free dry cracase indicate 
that lean mass, probably 1nuscular protein, was the main component of the weight 
lost from the body. At the same time, the lipid content of the gutted carcase, and 
hence of the skeletal musculature, had increased cons-iderably (fig. 20; 4.2.3). Liver 
weight correlated strongly with protein content and was therefore probably a good 
indication of the energy state of the liver and hence of short-term metabolic 
reserves. Lipid content, in contrast, is an indication of long-term energy reserves. 
Liver weight (figs. 25 and 26; 4.2.3), body weight (fig. 20) and other measures of 
lean body mass (table · 2 3) followed exactly the same seasonal pattern. 
Liver weight loss On exposure of a laboratory rat to cold the liver becomes 
heavier. Laboratory rats kept outside in winter also have heavier livers, than those 
kept indoors; but wild Rattus norvegicus do not (Heroux, 1961a; 1963a). Barnett 
and Widdowson ( 1965) found that both first generation laboratory mice and mice of 
the 14th generation, bred at -3°, had heavier. livers than controls, but 
surprisingly only females showed a large difference. The oxygen uptake per unit 
weight of the livers of cold-exposed laboratory rats increases (Heroux, 1963a; 
Chaffee and Roberts, 19 71), but that of laboratory rats and wild rats outside in 
winter does not (Heroux, 1963a). Blood flow also increases to the livers of 
laboratory rats exposed to cold (J ansky and Hart, 1968). 
Narayansingh and Aleksuik (1972) give a clearer indication of the probable effects 
of winter-adaptation on liver function. They studied the meadow vole (J\1icrotus 
pennsylvan£cus ). Protein synthesis in vivo in the livers of winter-adapted voles was 
higher, when measured at 27°c, than in the livers of summer controls; but exposure 
to l 5°C immediately reduced protein synthesis to summer levels. DNA synthesis 
in winter-adapted vole was depressed at both temperatures, when compared with 
summer controls. Narayansingh and Aleksiuk ( 19 7 2) concluded that, since voles in 
winter probably live at ambient temperatures less than 15°C, there is probably little 
or no easonal change in protein synthesis in the liver. But they hypothesise that the 
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observed effecls of cold exposure and winter on DNA synthesis are a part of a 
regulatory mechanism which depresses growth under unfavourable environmental 
or energetic conditions. They found a similar depre-ssion of DNA synthesis in the 
small intestine and the skeletal muscles. Nusetti and Aleksiuk ( 19 7 5) found a similar 
depression of DNA synthesis in the laboratory rat when exposed briefly and for long 
periods to 7°c. 
In the present study, liver weight declined dramatically between summer and 
winter, as did liver protein. Robinson (1976) examined the livers of R. fuscipes in 
his study at Sherbrooke forest in Victoria. He found an erratic distribution of liver 
weight throughout the year, but he used relative weights and the loss of body weight 
in winter may have masked a seasonal trend in liver weight. Robinson also 
measured the glycogen content of the liver. Reserves of glycogen were low in mid-
winter, but they were also low in mid-summer. A peak occurred in adults in 
October. All juveniles had high liver glycogen. The results of his study, however, 
give no clear picture of winter adaptation in the liver. 
Loss of body weight A list of species in which the mean body weight of the 
population declines in autumn and winter is given in 4.2.3. Iverson and Turner 
(1974), who studied the meadow vole (Microtus pennsylvanicus), provide one of the 
most systematic analyses of the phenomenon of winter weight loss. One aspect of 
most field studies, which restricts an interpretation of the findings is that winter 
weight loss can be recorded only as a difference in mean weight of the population at 
different times. Some workers do give information on individual changes. Iverson 
and Turner (1974) studied 10,000 marked individuals. But with the possible 
exception of their study and perhaps that of Whitney (1976), there is insufficient 
information in other studies for convincing quantitative analyses. 
Small hibernators also lose body weight in winter, but the loss appears to be 
passive, it is primarily the result of a decline in body fat and is caused by low levels 
of food consumption (reviewed by Davis, 197 6; Mrosovsky, 197 6). 
In the present study changes in body weight were examined in three ways. 
(i) The weight loss of marked, live individuals in winter was recorded during the 
population study (fig. 8; 3.3.8), in a manner similar to that of Iverson and Turner 
(1974) and Whitney (1976). The results showed that the young of that year ceased 
growth in winter and that adults lost weight. 
(ii) The body weights of rats in samples for the analysis. of body composition were 
used to show that the age-corrected mean weight of the population was lower in 
winter than in summer. Robinson ( 19 7 6) used similar information to describe the 
pattern of growth in a single cohort of R. fuscipes over 15 months. His findings 
provide corroboration of a cessation of growth in young rats during winter. 
(iii) Information is presented in 5.2.1 of the weights of a captive population of 
R. fuscipes maintained outside in winter under natural conditions of temperature 
and light. 
Not all small mammals lose weight in winter (for example, Sealander, 1951), 
but the discussion here is confined to those that do. Ideas on the causes of winter 
weight loss can be divided into four categories or h ypotheses : (i) lack of food, 
(ii) re-allocation of energy resources into thermoregulation, (iii) differential survival 
of different weight and/or age classes, (iv) an adaptive decrease in the energy require-
ments of the individual or the population. The apparently innocuous "or" in the last 
phrase leads to unproductive theoretical problems and is refuted below. The first 
three explanations are physiological and are capable of being tested. The final 
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explanation involves assertions on events which occurred in the remote past, and 
thus cannot be tested. Explanations based on the "s~rvival value" of characteristics, 
or more correctly assertions on the selection pressures which acted to produce them, 
are less satisfactory than physiological explanations; but they are sometimes 
necessary when physiological explanations alone are inadequate to describe the 
phenomenon. Explanations which are based on the principle of natural selection 
can be a productive source of working hypothe_ses. 
(i) At northern latitudes the low temperatures of winter are ·usually accompanied 
by a shortage of food (Aleksiuk, 1970). Hence increased energy needs are 
accompanied by a decrease in the available energy. Weight loss in winter, 
therefore, could reflect insufficient energy intake to balance output (negative energy 
budget). This is certainly the case for many small hibernators. But for some small 
mammals which are active in winter, f9od supply is believed not to be a limiting 
factor (Golley, 1962; Caldwell and Connell, 1968; Sadleir et al., 1973). Others have 
argued that food is a limiting factor in winter ( e.g. Kalela, 195 7; Gorecki and 
Gebczynska, 1962) but they do not present much evidence. 
In the study above by Iverson and Turner ( 19 7 4) in Canada, much weight loss 
occurred between August and October, before the onset of snow and cold weather, 
at a time when the food supply was probably at a maximum. Weight gain in spring 
began before the spring thaw and before new plant growth had occurred. Whitney 
(1976) found a similar _ pattern of weight change for the red-backed vole 
(Clethrionomys rutilus) and the root or tundra vole (Microtus oeconomus) in Alaska. 
Tast (1972), in contrast, found that the minimum body weight of M. oeconomus in 
Lapland was clearly correlated with the winter food supply. Winter success of root 
voles depended heavily on the supply of first-year rhizomes of Eriophorum 
angustzfolium which varied considerably from year ·to year. Hence winter food 
supply probably influences the body weight of some species, but not others. 
Opposite findings for the same species·, M. oeconomus, in different locations suggests 
that the effect of food supply varies between habitats, as well as between species. 
In the present study an assessment of food supply from (i) caloric values of 
stomach contents, (ii) protein components of stomach contents, and (iii) availability 
of suitable plants in the habitat; indicated that the diet of R. fuscipes in the 
Brindabellas did not vary much seasonally. Other studies of the stomach contents of 
R. fuscipes have shown many in ects in the summer diet (\Vheeler, 1970; \Varneke, 
1971; Robinson, 1976). Yet other research by Freeland (1972), Watts (1977) and 
work in progress at Monash University (A.K. Lee, personal communication) has 
shown a wide variation in the foods eaten. 
R. fuscipes is evidently catholic in its tastes, an opportunistic feeder, 
omnivorous in some areas and herbivorous in others. It was fortunate that in the 
present study Lhe rats were strictly herbivorous, otherwise an indirect assessment 
of sea onal nutriLjon would have been very difficull. A Lentative explanalion of the 
completely herbivorous diet of R. fuscipes at Lees Creek is the presence of two 
highly successful insectivores, Antechinus swainsonii and A. stuartii (Appendix 
1.2). 
Hence indirect evidence on the diet of R. fuscipes in the Brindabellas (4.2.4), 
and direct evidence of winter weight loss in a captive population supplied with food 
ad libitum ( 5. 2 .1), indicates that the food up ply was not the proximate cause of 
winter weight loss of bush rats in that population. Warneke ( 19 71) and Robinson 
(1976) have suggested that, since R. fuscipes in their studies changed from being 
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partly insectivoro us in summer to being totally herbivorous in winter, winter weight 
loss was the result of a nutritionally deficient winter diet. The results of the present 
study disconfirm their hypothesis. 
(ii) In Robinson's (1976) study and in the present work, the young R. fuscipes 
of the year ceased growth in winter. Cessation of growth of young small mammals 
in winter is not uncommon (Schwarz et al., 1964; Hyvarinen and Heikura, 1971; 
Whitney, 1976; Petterborg, 1978). A re-allocation of energy resources from growth 
could be diverted to other purposes, such as thermoregulation (Stebbins, 1976) 
and would thus be an adaptation for energy conservation. As a category or 
hypothesis on its own, however, the explanation cannot give an adequate account of 
the loss of weight of adults. It is useful only as a qualification of what we mean by 
winter weight loss. In species in which the mean weight of the population declines 
in winter, adult animals may lose weight whereas the young merely cease growth. 
This appears to be the case in many species ( discuss ed in 5 .3 .1). 
(iii) Similarly, differential survival can influence mean population weight. Iverson 
and Turner ( 19 7 4) note that many studies of small mammals show an absence of 
large animals in winter, as well as smaller ranges and standard deviations of weight. 
The latter part of the statement raises an entirely new issue, that of stabilising 
selection. 
Stabilising selection is selection which favours the mean: it is selection towards 
sp~cialisation and perhaps away from 'pre-adaptation' or potential to cope with not-
yet-existent hazards ( discussed by Schmalhauzen, 1949; Medawar, 1951 ). One might 
expect winter to act as the type of 'stressor' which would limit variation within the 
population. S-maller standard deviations in weight are an indication of stabilising 
influences; but rese_arch on small mammal populations is insufficient to analyse the 
role of stabilising selection in winter weight loss (and in the present study there was 
little mortality in winter) . 
The more direct issue which Iverson and Turner ( 197 4) pursue is that, though 
changes· in mean population weight in winter may be the result of individual weight 
loss, they may also be a result of: (a) recruitment of young into the population in 
late summer or autumn (Iverson and Turner, 1974) or, (b) mortality of older and 
heavier animals in winter (Sealander , 1972) . 
Certainly, if adults live for only about one year, death in the oldest age-classes 
· could influence population weight. Sealander ( 19 7 2), who worked on a population 
of red-backed voles ( Celthrionomys rutilus) in Alaska, states that the oldest age-
cla es had disappeared by mid-winter, but the result is confused because a graph 
Sealander gives on age structure at different seasons- appears to show that they 
di appear well before winter. Winter survival of other populations of arctic 
microtine rodents in Alaska appears to be good regardless of the climate (Whitney, 
1976; Fuller, 1977a). Whitney (1976) found that, in one severe winter, the survival 
of a few o lder male C. rutilis declined to zero, but not until March when the spring 
increase in body weight was about to begin. In studies such as that of Iverson and 
Turner (1974) and Whitney (1976), in which the weights of individual animals are 
monitored, winter weight loss was independent of differential mortality. In the 
pre ent study, the weight loss of individuals was also monitored. The survival of all 
age classes was good in winter and hence differential mortality was not a problem. 
Differential mortality and more especially stabilising selection deserve a more 
detailed examination in population of small mammals, in which the life histories 
of large numbers of individuals can be monitored. The relevance of differential 
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mortality as an explanation for winter weight loss is, however, doubtful. 
(iv) The final explanation for winter weight loss is not directly physiological and 
involves assertions on evolutionary processes in the -remote past. The proposal is 
that a lowered mean population weight in winter decreases the total energy require-
ments of either ( a) the population or (b) the individual. Such a decrease in weight 
evolved presumably in populations in which food occasionally became limiting in 
winter (Iverson and Turner, 1974). Lack of food-in such populations would not be 
a proximate cause of weight loss because the weight loss would occur regardless of 
food supply. In Tast's (1972) study, where food availability was the proximate cause 
of weight loss, he found, in contrast, that in years with a poor food supply voles had 
low body weights in winter and spring population numbers were low, whereas in 
years with an abundant food supply the population included heavy' voles in 
winter; and spring numbers were high. 
( a) The explanation of winter weight loss has frequently been considered as an 
adaptation which decreases the total energy requirements of the population for the 
winter (Kalela, 1957; Mezhzherin, 1964). The way in which such an explanation is 
formulated appears to require group selection, since it suggests a benefit to the 
population as a whole rather than to the individual. Group selection as proposed by 
Wynne-Edwards ( 1962) has been severely criticised in recent years (Maynard Smith, 
1976; Alexander and Borgia, 1978). Maynard Smith (1976) argues that the 
vehemence of the rejection of group selection is because the tacit assumptions 
involved mask the real issues and have been responsible for a failure 'to tackle 
important problems. This is relevant here, because an explanation based on a change 
for the "good of the species" is unhelpful. It is untestable because it is based on 
events which occurred in the past and, more important, it does not lead to testable 
hypotheses. 
(b) Iverson and Turner ( 19 7 4: 1040) propose a modification of the hypothesis 
which can be related to the conventional processes of natural selection: "rather than 
the population's maximizing the number of individuals that can be carried over the 
winter on a given area by means of small size of individuals, the individual minimizes 
the amount of time it spends foraging by becoming small ( or becomes small by 
spending a minimum of time foraging)." The selective disadvantage in being· small is 
a shorter survival time at low temperature, due to a greater rate of heat loss 
(Sealander, 1951). The disadvantage in being large in winter is perhaps a greater food 
requirement (Iverson and Turner, 1974; Stebbins, 1978). 
The experimental evidence in support of the last assertion is far from extensive. 
Narayansingh and Aleksiuk (1972) and Nusetti and Aleksiuk (1975) found a 
depression of DNA synthesis in skeletal muscle, liver and intestine (but an increase 
in BAT) in winter, whid1 suggests a mechanism for depression of growth and 
perhaps weight loss. Stebbins (197 8) studied captive deer mice (Peromyscus 
m,aniculatus) maintained outside in a Canadian winter. The females were li ghter than 
the males and had a lower mean daily food intake. Weight-specific consumption did 
not vary. Hence the females had a lower mean daily energy consumption than the 
males, which Stebbins attributes to the difference in body size. The evidence is 
rather tenuous, and a definitive statement on the benefits of a smaller body size 
would require an extensive analysis of energetics in the wild ( discussed in 4. 3.8). 
The mbdifi d form of the hypothesis is, however, a marked improvement on t.he 
previous version. Although the hypothesis still involves assert.ions on events which 
occurred in the past, its formulation in terms of natural selection has produced 
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working hypotheses which are capable of being tested. 
In the present study, the three physiological explanations do not help us to 
understand the phenomenon of winter weight loss of-R. fuscipes. (i) Food was not 
lacking in winter. (ii) The young did cease growth but (as discussed) this does not 
help to understand the weight loss of the whole population. (iii) R. fuscipes did not 
exhibit differential mortality. Hence we are left with the working hypothesis that 
the winter loss of lean mass of R. fuscipes is an adaptation which lowers the energy 
requirements of the individual and tends to minimise the time needed for foraging. 
Evidence presented in 5.2.2 shows that R. fuscipes tends to restrict patrolling 
activity in winter and to concentrate on foragipg. Hence if foraging activity is also 
minimised the time spent outside the nest in winter must be severely curtailed. 
The explanation is merely a working hypothesis and needs to be tested by 
balancing energy losses and gains. For the hypothesis to hold two things are 
required: (i) small body size must ·not greatly increase the energy required to 
maintain body temperature within the burrow; (ii) much more energy must be saved 
by restricting activity outside the nest, both foraging and any other form of 
activity. In other words, the energy expended in a strategy of small body size and 
inactivity should be much less than that expended by a comparable but larger rat 
which does not restrict its activity outside the nest. An obvious direction for future 
research is to test these requirements and to perform as detailed an analysis of 
energy flow in the system as possible (4.3.9). 
A further complication in patterns of seasonal weight change and body 
composition is that small mammals born at different times of the year may differ in 
growth a1:1d development throughout their lives (reviewed by Schwarz et al., 1964). 
It was not possible, in the present study, to compare rats born early and late in the 
breeding season. R. fuscipes has a monomodal pattern of parturition (most of the 
young are born mid-summer). Hence one would expect less evidence of a "seasonal 
generation effect" _in this species, than in species which have peaks of births which 
are bimodal or polym-odal; and in which one might expect selection pressures to 
differ depending upon the time of year. 
Finally, there was one anomaly in the pattern of weight loss of R. fuscipes not 
mentioned in other studies. Body weight, lean carcase weight and liver weight all 
rose abruptly to a minor peak between May and June , at exactly the same time as 
the sudden seasonal increase in carcase· lipid content and BAT weight. The winter 
cycles of body weight loss and lipid gain are prohably separate physiological 
processes, but the evidence suggests that there is a link between the two during a 
critical_ period in May, which may be necessary to achi-eve the dramatic increase in 
lipid content at this tin1e. 
4.3 .9 Ecological Energetics 
1Iany of Lh e statements made on body weight loss in winter and other statements 
throughout this discussion are based on inferences which cannot be tested without a 
detailed analysis of energy flow. The field of the ecological energetics of mammals 
began to develop in the early. 1960s because of a need to go beyond physiological 
studies in laboratory conditions and to investigate adaptive strategies in the field 
(Grodzinski and Wunder, 19 7 5). Early physio logical studies dealt with temperature 
regulation and metabolism, but did not necessarily place them in a field context 
(discussed in 2.3). An aim of energetic studies, therefore, is to provide the 
quantitative analyses of energy transfer needed to verify such hypotheses as those 
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proposed above for the role of winter weight loss of R. fuscipes. 
The field is still in its infancy . Most studies concern laboratory measurements of 
energetics (McNab, '1976), but some (e.g. Hannson -and Grodzinski, 1970; Sadleir 
et al ., 1973; Collins and Smith, 1976; French et al., 1976; Whitney, 1977) have 
concentrated on field aspects of energy flow. Three studies outlined briefly below 
indicate the potential of energetic studies to answer the types of questions which 
arise from the present study. 
West ( 1968) studied the seasonal energetics of the willow ptarmigan ( Lagopus 
lagopus ). He kept ptarmigans outside in artificial enclosures, but in conditions 
intende~ to simulate those in the wild. All the energy-demanding activities of the 
year such as moulting, egg-laying, increased requirements for thermoregulation in 
winter, heightened activity and seasonal weight changes, occurred sequentially with 
only slight overlaps, and thus the energy used for maintenance was uniform through-
out the year. 
Baar and Fleharty ( 19 7 6) studied the energetics of white-footed mice (Peromyscus 
leucopus) trapped in the wild at regular intervals and tested in the laboratory. The 
daily energy budget and the time spent in the nest were inversely related to 
the temperature outside the nest. Hence energy expenditure was higher _in winter, 
but the increase was kept to a minimum by limiting excursions out of the nest. 
Kenagy (1973) in a more detailed study of three species of heteromyid rodent, 
the Great Basin kangaroo rat (Dipodomys microps), Merriam's kangaroo rat (D. 
merriamz) and the little pocket mouse (Perognathus longimembris) , found an inter-
specific difference in energetic strategies which was related to body weight. All 
three species spend most of their lives alone in burrows underground, coming to the 
surface to forage for as little as one hour each night. The two heavier species, D. 
microps (56 g) and D. merriami (35 g), also spend time above ground foraging in 
winter, though the temperature may be as low as -l 9°C. But for the lighter species 
P. longim embris (7 g), the costs of .foraging in winter evidently outweigh the yield, 
and the mice become continuously fossorial for up to five months of the year, 
living on seeds cached in their burrows. 
Energetic research is the direction which will eventually provide answers to new 
questions which have been raised in this study of R. fuscipes. 
4.3 .10 Conclusions 
· In the present study an analysis of body compos1t10n revealed the fo llowing 
changes: (i) body weight (lean mass) and liver weight declined between summer and 
winter, a did weights of other organs w_hich appear to be required less in winter. 
(ii) carcase lipid weight and BAT weight increased between summer and winter, as 
did hair weight. 
These changes appear to comprise two distinct modes of adaptating to winter. 
(i) Winter loss of lean mass and liver weight is thou ght to be part of a strategy for 
energy conservation. A hypothesis is proposed that a small body size in winter 
r quires less energy intake for maintenance of bo dy functions. A smaller mammal on 
thi view need spend less time outside the nest foraging in winter. (Direct evidence 
of a easonal shift in activity patterns is given in 5.2.2 .) Increased hair insulation and 
subcutaneous fat help to curb heat loss to some extent, both in the milder micro-
climate of the burrow and during activity outside the burrow. 
(ii) The energy saved by the cessation of growth of young anim als in winter m ay 
be · directed into pathways of thermoregulation. Increased lipid content in winter, 
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increased BAT weight and possibly an increase in resting metabolic rate are thou ght 
to be part of a process of thermoregul.atory adaptation, by which the animal 
increases its capacity for heat production in winter. The increase in lipid content is 
considered as an energy store to fuel the increased heat production, required to 
maintain body temperature. 
Between May and June there is a critical period when all the lipid stores and BAT 
for the winter are laid down and during which the trend fo·r loss of weight and lean 
mass is temporarily reversed. Hence there appears to be a link between two separate 
physiological processes at this time, which is possibly necessary to enable the 
thermoregulatory changes to be achieved in a minimum time. 
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5 Studies of Captive Rats 
5.1 Methods 
5.1.1. The two experimental groups 
Rats for two experimental populations in the laboratory (3.2.2) were trapped in 
the period March to July, 19 7 6. Bo th groups were of male animals. Group X was 
maintained inside an animal house in a temperature-con trolled room at 18 to 24°C. 
The light was artificial but the light cycle was varied with the seasons. Group Y was 
maintained under cover, but outside the building and in natural conditions of 
temperature and light. 
Figure 29 shows the monthly maximum and n1inimum temperature experienced 
by Group Y. This should no_t be confused with the mean monthly maxima and 
minima at Lees Creek in figure 2, which were based on daily m axima and minima. 
Although the findings are not comparable, it was possible to estimate that tempera-
tures were about 5°C colder at Lees Creek in winter. There was a great deal of 
variation in nest quality within Group Y. Nests ranged from a wet nest box with all 
bedding discarded, to deep bowl shaped nests of cotton wool. I suspect that the 
temperature variation brought about by these differences within Group Y, may 
have been greater than differences in temperature between Canberra and the wild. 
The two populations were built up gradually. But after the plus-maze experi-
ments began in June, 19 7 6 only six more rats were added : 2 to Group Y in mid-
June and 4 to Group X in early July after the monthly weighing. Some females 
(N = 4 for each group) were also kept in the same conditions as Group X and Y. The 
populations declined gradually because of natural mortality; and an outbreak of 
pneumonia in summer 1976/1977 killed 2 males and 1 female kept in a constant 
temperature. The maximum.numbers alive were 10 in Group X and 24 in Group Y. 
5.1 .2 Maintenance and handling in the laboratory 
All rats were kept in wire mesh cages ( 30 x 3 6 x 2 5 cm) with sid e walls of 
galvanised iron sheet. Each case had an external metal nest box: (20 x 10 x 12 cm), 
with a 5-cm circular access h ole through the side wall. The nest boxes could be 
removed easily and spare nest boxes were used for transferring and weighing animals. 
The cages were suspended in racks. A food basket was clipped to the outside of each 
cage al the front and an o utlet nipple from an au tomatic water system protruded 
into the cage at the rear. Trays beneath the cages caught waste food and 
excretory m ateriaJ . These were washed daily. A more detailed description of this 
modular system for maintaining and handling wild rats i.? given by Hocking (19 79). 
Rats were caged in pairs of the same sex. For the first year of captivity, pairs were 
maintained, despite m ortality, by reintroducing survivors to new partners. In the 
succeeding two years, rats whose partner died remained solitary. 
Food (Mecon Rat Cubes) was supplied ad libitum. Paper towelling was provided 
as nesting material throughout the year; for the Group Y rats this was supplemented 
with non-absorbent cotton wool from April to October. 
All rats were weighed in the first week of each calendar month, from March, 19 7 6 
until December, 1978 . In December, 1978 all surviving rats were about three years 
old. Apart from these monthly weighings, routine cleaning and, at n1ost, four 6-day 
sessions in a plus-maze, the rats were left undisturbed . 
5 .1.3 The Plus-Mazes 
The study of activity, exploration, and systematic patrolling 1s complex and 
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Figure 29 Extremes of temperature experienced by Group Y. Group Y rats were kept 
outside the animal house in Canberra, under natural conditions of temperature 
and light. Time scale given as three-month intervals: April, January, October, 
July. Winters shaded. 
The plus-mazes 5.1.3 
controversial. A review of the topics and some of the problems involved is given by 
Barnett (1958; 1976), Berlyne (1960), Cowan (19_75; 1.977), and Barnett and 
Cowan (1976). The third category, systematic patrolling, overlaps with the study of 
movement and home range outlined in 3.2.4. The problems of measuring activity 
or movement, in the field, are discussed in 3.2.4 and 3.4.2; of present concern are 
methods of measuring activity in the laboratory. 
The plus-maze (fig. 30) is a residential environment, which consists of a central 
nest box from which visits can be made to any of four arms. It was developed by 
Barnett et al. (1966) to record the activity of small mammals. The design was an 
attempt to overcome one prob~lem inherent in other equipment, which is 
modification of the animal's behaviour as part of the process of measurement 
(reviewed by Barnett, 1976). . 
In this study, four mazes were available. Each nest box contained a layer of 
sawdust about 30 mm deep. Arm A had, at its end, a barred food basket, containing 
Mecon Rat Cubes. The cubes had to be gnawed through · the bars, which made it 
difficult for the rat to remove food from the arm. Arm B had, at its end, the spout 
of a water bottle (fig. 30). Arms C and D were empty. 
The arms were covered with clear Perspex and the nest box with an opaque lid. 
Each maze was evenly illuminated by a 40-W ,circular fluorescent tube. Lights were 
turned off and on in phase with the ambient light cycle outside. All mazes were 
together in a sound-insulated room, kept at 19 to 24°C; but the rats could not see 
each other, or easily hear one another. 
Each arm was crossed by two infra-red beams acting on photo-transistors. When 
the beam nearer the nest was broken by a rat a circuit was primed; when the 
distal beam was broken a visit was recorded on a counter, and a clock was started 
which recorded, in tenths of a minute, on another counter, the duration of the visit. 
Return through the proximal beam stopped the clock. A tunnel at the proximal end 
of each arm (fig. 30), made it difficult for the rat to settle there, and rats were 
discouraged from sleeping ·in the arm itself by two parallel rows of 3 sharp nails, 
10 mm high, stretching along it. Needless to say, some rats still slept in arms. 
The mazes were also connected to a Digital PDP 8/e computer, which recorded 
visits to an accuracy of 0.01 min. A description of the system is given by Marples 
and Dodds (1974). The most useful output from the computer was a detailed record 
of each individual visit, punched on paper tape in ASCII code. The code of 30 
characters contained the plus-maze number, arm numb er, time and duration of the 
visit. The paper tape record was then read into the much larger Univac 1100 system 
at the Australian National University and could be manipulated by standard higher-
language programming techniques. 
Thus information was recorded at two levels. The counters were used to give 
daily totals of visits to and time spent in each of the various arms. The raw· data 
stored on the Univac 1100 system was used for further analysis (5.1.5 ). 
5.1.4 Experimental procedure 
Rat from Group X (22°CJ and Group Y (ambient) were each placed alone in a 
plus-maze for six days, (i) during the winter of 197 6 and (ii) during the following 
summer. The rats were weighed to the nearest 1 g before and after their stay in the · 
maze . Food and water, provided in excess, were weighed daily, to the same degree 
of accuracy a above (balance 4: Appendix 2.1). Food was replenished each day and 
wasted food removed from the [ood arm . Readings of total visits and durations from 
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Experimental procedure 5.1.4 
the counters, and consumption were recorded at the same time each day, usually 
about noon . 
A summary of the experimental design is given in figure 31. The figures in each 
block represent matched pairs, that is, the same animal both in winter and in 
summer. The figures in brackets are all animals for which there is information. There 
were actually nine matched pairs for Group X, but as two of the rats in summer 
were suffering from pneumonia (5.1.1) during testing, and .subsequently died, the 
results for these animals were discarded . 
For· the purposes of this experiment, winter was defined as i June to the second 
week o[ August, and summer as 1 December to ·the second week of February. 
One reason for the conservative definition of winter is that temperatures are 
beginning to rise again from mid-August (3.1.1., fig. 2); and behaviour patterns may 
begin to change, as is suggested by the rise in testes weights ( 4 .2 .3, fig. 14). 
The records for the first three days in the maze were not used, to allow the 
animals to adapt to the new environment. The choice of three days is based on 
findings by Cowan (19 7 5) for wild and laboratory strains of Rattus norvegicus and 
wild R. rattus, R. sordidus villosissimus and R. fuscipes. 
Small mammals seem to economise energy by reducing locomotor activity at low 
temperatures (Ostermann, 1956; Zollhauser, 1958; Barnett and Scott, 1964; Hart, 
1971; Wolfe and Barnett, 1977; Barnett et al., 1978b). All rats in the present study 
were tested in a warm environment, about 22°C (5.1.1), to remove any direct effect 
of temperature from the results. One unwanted variable which could not be 
removed, however, was the effect of age. Sprott (1976) briefly reviews the literature 
and says, there is no disagreement over one aspect of behavioural gerontology in 
laboratory rodents, that after maturity is reached, locomotor activity decreases with 
advancing age . If, as might be expected from findings in the cold, activity were 
found to be less in winter, the effect of age as a contributing factor could be 
removed, as was done in this study, by testing the animals first in winter. There is, 
however, still the possibility that the effect of age masked differences between 
winter and summer; but this was considered a lesser problem. 
5 .1 .5 Problems of experimental design 
The winter lasted only 10 weeks, and with four mazes only 40 rats could be 
tested. Allowing for equipment failure and other hazards, the result obtained, 
namely, 35 rats tested, wa_s above expectation. Group Y (ambient) was considered 
the more important group . Group X (22°C) was originally intended as a control. 
However, as will be shown in 5.r2, both groups exhibited a similar pattern of 
seasonal change; this was not altogether surprising, since the Group X rats had been 
in a constant temperature environment for between 6 and 10 weeks only. 
The initial design was to obtain 10 matched pairs of Group X rats and 20 of 
Group Y. The use of matched pairs is advantageous when sample sizes are sm all 
(Snedecor and Cochran, 1967:106), but can waste information. When two of the 
Group Y rats died after they were first tested, the plan was modified and as many 
Group Y rats as possible were tested to ensure an adequate sample size. 
One way to solve these problems of sample size, and also to test the effects of age 
on activity, would have been to repeat the whole experiment in 19 7 7. This was 
impracticable because the winter of 19 7 7 was devoted mainly to field studies. The 
experirnent was, however, repeated, for Group X in the winter of 197 7. Activity 
was recorded, from the rpechanical counters, as daily totals of visits and time spent 
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Problems of experimental design 5.1.5 
in each of the arms, but no more detailed record was taken because the computer 
was out of service. The findings are discussed in 5.2._2, although the actual figures 
themselves are not presented. 
5.1.6 Statistical Analysis 
Student's t-test was used for comparisons of body weight.s and of consu~ptions. 
Throughout the study "t-test" means Student's t-test. All other statistical tests used 
were nonparametric. These wer'e chosen to avojd the assumptions of parametric 
models ( 4.1.8), especially the need to define the underlying distribution. Two 
condjtions only are associated with most nonparametric tests: (i) that the 
observations are independent; and (ii) that the variable under study has underlying 
continuity (Siegel, 1956). 
Siegel also cites an unpublished study (Whitney, 1948) which shows that, for 
some distributions, a nonparametric test is clearly superior in power to a parametric 
one, but he fails to describe the types of distribution involved. 
The findings on daily totals from the counters were analysed on information from 
the matched pairs. The figures for summer and winter for each group were separate-
ly analysed by Wilcoxon matched pafrs signed ranks tests (Sjegel, 1956: 7 5 ). These 
are nonparametric equivalents of the paired comparisons t-test. Comparisons 
between Group X and Group Y were made by the Mann-Whitney U test (Siegel, 
1956:116), but from the information for the matched pairs and not from all the 
findings. The Mann-Whitney U test is a nonparametric equivalent of Student's 
t-test. 
A problem arose in analysing the total time spent in each arm, because some rats 
slept in the arms . Laboratory strains of Rattus norvegicus spend 45 to 60% of each 
24 h asleep (Van Twyver, 1969; Zepelin et al., 1972; Tagney, 1973). Hooded 
laboratory rats (R. norvegicus) in plus-mazes spend 4 to 8 h in the arms and 
consequently spend long periods in the nest engaged in behaviour other than sleep-
ing ( Cowan, 19 7 5). The behaviour of hoo·ded rats which slept in one particular arm 
was the same in the other arms as that of rats which nested in the central box 
(Cowan, 1975). Cowan (1975) also showed that the tjme spent by w'ild R. fuscipes 
in the anns of a maze resembled that of labo1~atory rats. 
On the basis of Cowan's findings, if the time spent in any arm exceeded 450 min 
(7.5 h) in 24 h, then the results for that arm were discarded. The figure is arbitrary, 
but in borderline cases the computer record was consulted to determine whether the 
rat actually spent long periods in the arm. Visits were also influenced when a rat 
slept in an arm; but because the total number of visits was large, when compared 
with the number of "naps", the bias was slight and should tend to be randomly 
distributed amongst the arms. 
The term "matched pairs" was taken quite literally : when the result for a day was 
missed because of equipment failure, or the result for an arm was missing or 
di carded, then th e same record for that rat was deleted in the opposing season. This 
wasted information, but strengthened the analytic design. The results were analysed 
as activity in r·at days, rather than as activity per individual rat. This means that, if 
the findings for a particular arm were complete for one individual, then the record 
represented 3 rat days ( days _4 to 6). This method, though unconventional, is 
statistically sound (P .A.P. Moran, personal communication). 
The computer information was also stored as rat days. The paper tape record 
from the PDP 8/e computer was stored on the Univac 1100 system as a series of 
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Statistical analysis 5.1.6 
data files, which were kept permanently on magnetic tape. Each data file 
represented one day's record for all four mazes. For example, WIN8DAY4 was the 
name of a data file containing a record of all visits to-each maze on day 4 of winter 
trial number 8. 
The data files were manipulated by computer programs, written by T.G. Marples, 
which sorted the information into a form which could be readily analysed by simple 
statistical techniques. Two programs, called "REMOTACCUM" and "MEAL" 
respectively, were used to obtain most of the findings in 5 .2 .2. The programs and 
analyses are summarised by Barnett et al. ( 19 7 8a). 
REMOTACCUM sorted visits into frequency classes of different durations. The 
results were presented (i) as absolute figures; (ii) as a percentage of the grand total 
for each time class; and (iii) as a percentage of the time spent in each arm, with 
respect to all arms, in each time class. Bar diagra1ns showing durations of visits were 
also printed to help in visualising the individllal movements of each animal. The time 
interval chosen and the number of classes could be varied. MEAL recorded the 
number of "short" visits, and the , arms to which they were made, immediately 
after a meal in the food arm (arm A). A "meal" was defined as a visit to arm A of 
greater than a specified time. A "short" visit was defined as a visit to any arm of 
less than a specified time . The times chosen and reasons for the choice are given 
later (5.2.2). 
The computer analyses were virtually unaffected if the rat slept in an arm rather 
than in the central nest box. This was because visits of over 5 min were uncommon 
( 5 .2 .2; fig. 34) and because · "naps" were incorporated only into the greatest 
frequency class. 
The plus-mazes generate an enormous quantity of information, and the computer 
analyses, which utilized all the information, were in consequence far more sensitive 
than analyses of daily totals. The combined information for the entire experiment 
represents a record of about 20,000 visits stored on magnetic tape. The records for 
all rats (fig. 31) were used in the computer analyses but analyses were also made of 
information from the matched pairs, to ensure that there was no difference in the 
results. 
The frequency tables generated by the REM OT ACCUM program were analysed 
by Sign tests (Siegel, 1956:68), to compare the figures for summer and winter for 
each group (X and Y) separately. The Sign test is similar to but less powerful than 
the Wilcoxon matched pairs signed ranks test. The figures generated by the r..1EAL 
program were analysed in a similar manner, but wi.th X2 (2 x k) contingency tables 
(Siegel, 1956:104). 
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5.2 Results 
5 .2.1 Monthly body weights of Groups X and Y 
Figure 3 2 shows the mean monthly body weights of the Group Y rats from May, 
1976 until December, 1978. These rats were kept outside the animal house, under 
ambient temperature and light. The smooth curve in figure 32 is intended to 
represent a continuous progression of growth. It is a polynomial of the 4th degree, 
calculated from the findings. No correlation coefficient is given because the curve 
is meant for illustration only and the goodness of fit is irr~levant. Polynomials are 
not often used to describe growth curves. Growth is frequently defined as the 
natural rate of increase of body weight (dW/Wdt). Morrison et al. (1977) state that 
this definition is inappropriate for most if not all postnatal mammalian growth 
because the rate is not constant and declines continuously. They review mathe-
matical techniques which have been used to describe the form of the growth curve, 
and favour depicting growth as a series of independent but continum;s linear 
segments. The junctions are fitted by inspection or by a least squares method (such 
as that of Hudson, 1966; described in 4.2.5) when necessary. 
The disjunct linear segments in figure 32, although similar, were calculated to 
display what was basically a discontinuous pattern of growth. Each represents a 
linear regression on the three points for each season. _The slopes of the lines are given 
in table 13. They merely confirm the visual representation in figure 3 2. Again, no 
correlation coefficients are given, because each line was calculated from three points. 
The results, nevertheless, are clear and consistent . All rats were of the same 
cohort, born in the 1975/1976 breeding season. The most rapid phase of post-
embryonic development was complete by the first weighing in May, 19 7 6 but the 
rats w,ere still growing rapidly as subadults in winter and spring, 1976 (fig. 32). 
The slopes (table 13) in these two seasons were about the same, whereas on the basis 
of findings for other mammals, summarised by Morrison et al. ( 19 7 7), one would 
expect the slope in winter to be steeper. In t_he summer of 1976/1977 body weight 
reached a plateau, which may represent a specific change to an adult · pattern of 
growth. From the rats' second autumn, in 19 77, until the experiment ceased, a 
recurrent pattern emerged. Body weight declined i~ autumn and winter and increas-
ed in spring and summer. The four females kept with Group Y each showed this 
recurrent seasonal change as adults, although one of them survived only one winter 
( 19 7 7) as an adult. As individuals, 16 males from Group Y, of 18 which survived 
long enough to make possible an unequivocal decision, showed the exact pattern 
given in figure 32. The other rats showed some seasonal difference, but with a great 
deal of variation. Hence the laboratory population showed the same seasonal trend 
in body weight as found for conspecifics in the wild (table 9, fig. 8; 3.3.8), despite 
the fact that they were supplied with food to excess. The finding confirms that food 
shortage is not the reason why R . fuscip es loses weight in autumn and winter, and 
supports indirect evidence in the field presented in 4.2.4. 
The monthly means for the Group X rats, kept under a constant temperature, 
were also scattered around a· polynomial curve, but apparently at random. There 
was no obvious seasonal trend and a figure similar to figure 32 was not helpful in 
analysing the results: 
5 .2 .2 Sea onal activity in plus-mazes 
The experiments in plus-mazes were designed to test for differences in movement 
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J 
Autumn Winter Spring Summer 
1976 7.5 ± 1.1 7.2 ± 0.1 0.8 ± 0.4 
1977 - 0.1 ± 0.7 - 2.3 .t 1.4 2.8 .t 1.9 8.2 ± 5.9 
1978 -5 .8 ± 4.0 - 3.0.t0.7 2.5 .t 1.3 
Table 13 Slopes of regression lines in figure 32, with their s tanclarcl err.ors. 
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pattern between summer and winter. Field observations in Chapter 3 suggested that 
movement is less extensive in winter than in summer. These observations were, 
however, unsatisfactory, because the formal demonstr-ation o[ a seasonal difference 
in movement requires large samples or a study conducted over several years; and the 
results of investigating movement patterns from trapping do not give much 
information. Plus-mazes enable rats to be tested in a residential environment, in 
conditions which are artificial but allow an accurate record to be made of the 
movements and duration of stay outside a nest. Small mammals reduce locomotor 
activity in response to low temperatures ( djscussed in 5.1.4). In the present 
experiments, rats were tested at 22°C. The aim was to determine whether any 
modifications in behaviour occurred, which were not determined by temperature 
at the time of testing, but which tended to economise energy expenditure at low 
temperatures . 
Two groups of rats were used: one was maintained under ambient temperature 
and light (Group Y); the other was kept at a constant temperature (22°C) for at 
least 6 weeks before they were first tested (Group X). 
Results from the counters Recordings from the mechanical counters of daily 
total activity in each arm, summer and winter, are summarised in figure 33. The 
heights of the histograms are the means for that season's rats from the matched-
pairs (fig. 31, 5.1.4), over the three days measured. Each histogram pair is the 
summer and winter value placed side by side. The totals for all arms combined are 
not shown in figure 33. The probability of a difference between totals for summer 
and winter, however, is indicated in table 25, Appendix 3.1; as are the actual values 
of the mean, standard error and number or rat days (N). 
The general pattern of visits and duration for Group X (22°C) and Group Y 
(ambient) was the same, except for the fewer visits to the water arm (B) by Group 
X. More visits were made to and more time spent in the food arm (A) in winter than 
in summer and visits and duration of stay in the other arms were less (fig. 33). A 
more detailed statistical analysis (also shown in fig. 33) gave the following findings. 
(i) Visits to and the length of stay in the empty arms (C and D) by Group X were 
les in winter, as was the total time spent in all arms. (ii) Visits to the water arm (B) 
and to empty arm C by Group Y, and visits to all arms combined were less in winter. 
The length of stay in the food arm (A) by Group Y was also greater in winter, 
and the lengths of stay in the empty arms (C and D) were less. 
Evidently, the food arm (A) was more attractive in winter and the empty arms (C 
and D) le attractive. The water arm may also have been less attractive in winter for 
Group Y, but not for Group X. -
A comparison between Groups X and Y showed striking differences (table 26, 
Appendix 3 .1). These differences were observed in all seasons but were most marked 
in winter. Group X always made fewer visits to the arms than Group Y (table 26, 
Appendix 3 .1), but for the duration of stay differences were statistically significant 
(p < 0.05) in both seasons only for arm Band for the total duration in all arms. The 
greater acti ity of Group Y rats during winter, was to be expected, since they had 
been moved from a cold environment outside to a warm one: this, the obverse of the 
finding, mentioned in 5.1.4, that small mammals reduce locomotor activity at low 
tern perature , has been demon trated quantitatively by Barnett et al . ( 19 7 8b) for 
" ild hou e mice (J\lus musculus) in plus-mazes. The mice were raised at 3°C and 
tested both in the cold and in a warm environment. The effect, h owever, explains 
only the greater difference between groups in winter and not the major part of the 
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difference between Group X and Group Y. It is suggested that placing R. fuscipes 
in an environment with a warm constant temperature reduces daily locomotor 
activity and induces other changes in behaviour whi-ch are less easy to interpret , 
but which are demonstrated quantitatively below. The suggestion has extensive 
implications which deserve further research, but it does not fall within the realm 
of winter adaptation . One relevant implication, however, is that Group X could 
not have provided a satisfactory control for Group Y , even · if the rats had been in 
captivity for several months before (irst being tested in a plus-maze. 
The rats of Group X which had been alive in summer, survived to the winter of 
19 7 7. The records for these rats from the mechanical counters were matched with 
those of the summer sample and compared by the Wilcoxon matched pairs signeq. 
ranks test. The means for the visits and length of stay in arms were very similar to 
those for the summer sample. This suggests that after one year in an environment at 
a constant temperature, the rats did not change their locomotor activity in response 
to winter. But, since no computer record could be taken, the more sensitive 
responses to winter could not be monitored, and the finding is not helpful. 
Body weights . and consumptions The body weights and food and water 
consumption of both groups of rats in the plus-mazes are given in table 14. 
Differences in weights and consumption between Groups X and Y are analysed in 
table 15. Group Y ate and drank more in both seasons. Barnett et al. (1978b) 
similarly found that cold-reared mice ate more, when m oved to a warm environ-
m ent, than did mice reared in the warm. This findin g, combined with the 
difference in activity found between Group X (22°C) and Group Y ( ambient) 
suggests that bush rats eat and move more in a fluctuating environment. 
The difference in body weights of rats between summer and winter ( table 14) was 
trivial: it was not a result of winter weight loss, as shown in 5.1.2; but the rats were 
younger in winter and had not yet reached adult weight. The body weight change 
over the six days -of the experiment was more imp or tant. Both groups in winter 
apparently put on more weight during the experiment than in summer (but p < 0.05 
only for Group X). It was not known whether th e Group X rats put on weight in 
winter because they had been .in captivity only six to ten weeks, or failed to gain 
weight in summer because they had been kept at a constant temperature for almost 
a year. 
The fi gures for food and water consumption at first seemed to shed more light on 
the changes in body weight. Bo th groups ate and drank almost exactly the same 
amount in summer and winter. The increase in body weight during experiments in 
winter suggests that the rats utilised their food n1ore efficiently t hen. But, why did 
Group X, kept at 22°C, show a greater seasonal change than Group ·y7 There were 
t.oo many unknown factors, n ot least of which was that the results were confounded 
by an effect of age . Age was considered, in t he present study ( 5.1.4), to be a minor 
problem for the analysis of activity, but the same could not be assumed for the 
conversion of energy into body weight . The complex interplay of food intake, body 
weight and other variables is further discussee. in 5 .3 .1. 
Computer analys1·s The cori1puter analyses allowed a more detailed investigation 
of the separate compon ents which constituted activity within the plus-mazes. Figure 
34 shows the distribution of visit lengths for a food arm (A) and an empty arm (D). 
l\1o t vi its to any arm were short visits . Barn ett et al. ( 19 7 8 b) showed the same for 
wild and domestic R. norvegicus. There were more visits of mo re than 1 min to the 
food arm (A) than to the empty arms (C and D). This seemed to be true 1n a 
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No. of rats 7 7 
Body weight 167.0±9.4 148.9 ± 6.2 
Body weight change - 0.714± 1.2 4.4 ± 1.1 0.01 
Food/day 10.4 ± 0.5 10.1 ± 0.7 
Water/day 29.0 ± 1.4 28.6 ± 1.4 
No. of rats 20 20 
Body weight 160.9 ± 4.2 139.4±5.6 0.01 
Body weight change 2.7± 2.2 4.1 ± 2.5 
Food/day 12.9 ± 0.6 12.5 ± 0.5 
Water /day 40.7 ± 2.1 40.3 ± 1.8 
Table 14 Body weight and food and water consumption in plus-mazes. Figures are means± 
standard errors in g. Body weight= weight at start of experiment; body weight change 
= weight on day 6 - weight on day 1. Food/day and water/day= mean for days 4, 5, 6. 
Probabilities refer to t-tests, between seasons. 
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Table 15 Body weight and food and water consumption of rats in plus-mazes: Group X versus 
Group Y. Probabilities refer tot-tests, between groups. Means and standard errors given 
in table 14. 
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Figure 34 Distribution of visit lengths to the food arm (A) and to empty arm D for 
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preferred food arm for wild R. norvegicus, but not for the domestic strain, though 
both showed an increase in visits of 1 min or more to the preferred food arm when 
no food was provided on one day (Barnett et al. 197-8a). In Barnett's experiment , 
however, three types of food were presented, each in a separate arm; and only one 
arm was empty. In the present study the pattern was typical of all rats in both 
seasons. 
Although most visits were short visits, some long visits were important in 
analysing the rats' movements. Figure 35 shows the pattern of visits to each arm, in 
relation to each of the other arms, for a series of time classes. The important 
finding shown in figure 35 is that the proportion of food arm (A) visits increasec;l 
with the duration of stay, and reached a maximum between 2.0 and 2.8 min. This 
suggests that the usual time taken to eat a meal in the mazes was 2 to 3 min. An 
anomalous finding fo-r Group X in winter, was that the rate of visits to empty arm 
C was consistently high regardless of the length of stay. All rats in all experiments 
preferred arm C to arm D. The orientation differed between mazes, but arm C was 
· always opposite the food arm (A). This is a possible explanation of the preferred 
use of arm C, but it does not explain the greater preference in winter. In winter 
some of the rats were inactive for long periods in arm C rather than in the next box. 
The long periods of inactivity themselves had no influence on the findings of visit 
rates, because there were so few. But, as is suggested below in Table _ 16, rats which 
spent long periods in arm C also apparently made many more short visits to that 
arm, which did influence the findings. 
The last time class in each box in figure 35 includes all visits longer than 3.6 min. 
Some visits were more than 0.5 h and some more than an hour. These very long 
visits were made by only a few animals: they were .nearly always to the same arm, 
and they indicated that the rat slept regularly in that arm. Extremely long visits 
generally occurred only in daylight hours. R. fuscipes were not strictly nocturnal in 
the plus-mazes, but did restrict most activity to -the hours of darkness. 
A comparison was made of the occurrence of long visits ( 0.2 to 4 + min) and short 
visits (0.02 to 0.36 min), to each arm in summer and winter. The raw information 
for Group X and Group Y separately, was assembled in two series each of 20 time 
classes, one for summer and one for winter. The difference between seasons was 
compared by a Sign test (Siegel, 195 6: 68). Table 16 shows the result for the long 
visits. Rats of Group X made more such visits to the food arm (A), the water arm 
(B) and to empty ann C in winter than in summer but fewer to empty arm D. 
Rats which spent periods inactive in arm C are suggested as the cause of the 
increased time spent in arm -C in winter. For Group Y, more visits were made to the 
food arm (A) in winter but fewer to the water arm (B). Visits to the empty arms 
(C and D), were also fewer in winter (but p > 0.05 ). 
Table 1 7 gives the result for short visits (0.02 to 0.36 min). As for the long visits, 
rats of Group X made more short visits to the food arm (A) and to the water arm 
(B) in winter, whereas they made fewer visits to empty arms (C and D) in winter. 
For Group Y more visits were made to the food arm (A) in winter and fewer to arm 
C. hort visits to the water ·arm (B) and to arm D appeared to be more in winter 
(but p > 0.05). 
In the analyses above, visits over a wide range of time classes were found to be 
more or fewer in one season, than in the other. Below, as a form -of shorthand, the 
word "use" is employed to convey the meaning "visits over a wide range of time 
classes". In summary the computer analyses showed: 
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Figure 35 Visits to each arm as a percentage of the total time in arms at 22° C. Recorded for a series of 
0.4 min time classes. The last class includes all visits >3 .6 min. A= food arm, B = water arm, 
C and D = empty arms. 
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Summer 
A 
B 
C 
D 
Group X 
< 
< 
< 
> 
Long Visits (0.2 to 4 + min) 
Winter p 
J\ = 0.021 
B = 0.042 
C = 0.002 
D << 0.001 
Group Y 
Summer Winter p 
A < A << 0.001 
B > B = 0.002 
C > C = 0.824 
D > D = 0.264 
Table 16 Long visits to arms in summer and winter, recorded for a series of 0 .2-min time classes. 
The last class includes all visits> 4.0 min. A= food arm, B = water arm, C and D = 
empty arms. Analysed by Sign tests to determine whether visits greater in summer or 
winter. 
Summer 
A 
B 
C 
D 
Group X 
< 
< 
> 
> 
Winter 
A 
B 
C 
D 
Short Visits (0.02 to 0.36 min) 
Group Y 
p Summer 
= 0.048 A < 
<< 0.001 B < 
= 0.016 C > 
<<0.001 D < 
Winter p 
A << 0.001 
B = 0.480 
C <<0.001 
D = 0.814 
Table I 7 Short visits to arms in summer and winter, recorded for a series of 0.02-min time classes. 
A= food arm, B = water arm, C and D = empty arms. Analysed by Sign tests to determine 
whether visits greater in summer or winter. 
Seasonal activity in plus-mazes 5.2.2 
(i) Both groups used the food arm (A) more in winter. 
(ii) Group X (22°C) used the water arm (B) more in winter; Group Y (ambient) 
did not appear to use the water arm more, and even used it less in winter for long 
visits. 
(iii) The empty arms (C and D) tended to be used less in winter, but with some 
variation. Group X used arm C more in winter. 
The comput_er analyses described above examined visits to the arms of the plus-
mazes as a series of frequency . classes of different durations. A large number of 
classes was used in each analysis and the width of each class was small (0.02 or 0.2 
min). The results from the mechanical counters, in contrast, merely gave the number 
of visits and the time spent in each arm, every 24 h. These crude totals, however, 
may be used to confirm and to qualify the computer analyses: 
(i) The computer analyses showed that rats from Group X used arm C more in 
winter and a suggestion was made that some rats which spent long periods inactive 
in arm C were responsible for this finding. The record for rats that spent long 
periods in a particular arm was removed from the daily totals ( 5.1.6). ·with these 
records removed the Group X rats made fewer visits to and spent less time in arm C 
in winter than in summer (fig. 33), which supports the suggestion. 
(ii) Group Y rats, in the computer analyses, did not appear to use arm D less in 
winter. In the analysis of daily totals, Group Y did not visit arm D l~ss in winter, 
but did spend less time there (fig. 33). Fewer visits were made to and less time 
spent in arm D by both groups than in any other arm; which may explain why the 
findings that the empty arms were used less in winter was more convincing for 
arm C than for arm D. The remaining findings for the daily totals and for the 
computer analyses were similar. 
The results for the daily totals and the computer analyses taken together indicate: 
(i) that the food arm (A) was used much more in winter than in summer; (ii) that 
the empty arms (C and D) tended to be used less in winter; (iii) that the findings 
for the water arm were equivocal and not comparable between the two experimental 
groups. The findings suggest that R. fuscipes in the Brindabellas tended to limit 
locomotory activity, outside their burrows in winter, to foraging and restricted other 
forms of locomotory activity, such as patrolling. There was some variation in the 
results, however, as is to be expected with ~ehavioural experiments, and it ·was 
considered desirable to attempt to analyse the behaviour further. 
One way to test _ the hypothesis above was to use the modal duration of a meal in 
arm A (between 2 and 3 min) and to examine the short visits to other arms 
immediately after the meal. Visits to the empty arms (C and D) could be taken as a 
measure of unrewarded patrolling and return visits to the food arm (A) as a m easure 
of foraging. From the hypothesis, one would expect ·a shift away from visits to the 
empty arms (C and D) and increased use of the food arm (A) in winter and perhaps 
of the water arm (B). The computer program called MEAL (5.1.6) was used to 
analyse the findings. A meal was defined as any visit to the food arm of > 2 min. 
Visit of more than about five minutes were also included and may have been 
period of rest or sleep rather than meals. But, as mentioned earlier, these were too 
few to have influenced the findings. 
Table 18 gives an analy is of first and second visits immediately after a meal, for 
each group . short vi it for _this analysis was defined as < 0.5 min. For the first visit 
after a meal both groups showed a massive seasonal difference . Group X made many 
more visits to the water arm (B) in winter, many fewer visits to the empty arms (C 
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1st Visit Group X Group Y 
A B C D A B C D 
Summer 1 74 11 7 84 15 89 130 91 
Winter 1 183 58 54 115 284 195 196 
Ratio 0.93 2.30 0.46 0.60 3.15 1.31 0.62 0.89 
x2 = 72.0 df = 3 x2 = 44.o df = 3 
p = 0.3 X 1 o- 8 p = 0.01 X 10-7 
2nd Visit 
A B C D A B C D 
Summer 4 -29 35 20 8 22 37 35 
Winter 9 35 34 11 64 37 83 99 
Ratio 2.22 1.19 0.96 0.54 2.88 0.61 0.81 1.02 
x2 = 5.1 df = 3 x2 = 13.5 df = 3 
p=0.164 p = 0.004 
Table 18 Short visits to arms immediately after a meal in summer and winter. 
A = food arm, B = water arm, C and D =empty. arms. A meal= visit to arm A> 2.0 min; 
a short visit= any visit < 0.5 min. Summer and winter values compared by (2x4) x2 
contingency tables. Ratio is winter value on same scale as summer, if summer value is 1. 
Seasonal activity in plus-mazes 5.2.2 
and D) in winter and very few repeat visits to the food arm (A) in either season. 
Group Y made a huge number of repeat visits to the food arm (A) in winter, slightly 
more visits to the water arm (B) and slightly fewer visits to empty arm C in winter. 
Group X showed no difference between seasons for the second visit after a meal, 
although there was an apparent increase in repeat visits to arm A. For Group Y there 
was exactly the same pattern as for the first visit, except ~hat visits to the water arm 
(B) were now fewer than expected. The choice of short visits as < 0.5 min was, of 
course, arbitrary. Ideally, to test the hypothesis, the shorter the length chosen, the 
better. There was a problem, however, because the shorter the visit, the less chance 
there was of a visit of that length occurring immediately after a meal. A series of 
analyses, in addition to the one in table 18, were run, with visit times < 0. 05, 
< 0.25 and < 2.0 min. For the first visit after a meal the results were virtually 
identical to those in Table 18: 
Length of visit 
(min) 
Group X 
*p = 
Group Y 
*p = 
<0.05 
0.04 X 10-2 
0.02 
<0.25 <2.0 
0.03 X 10-8 0.04 X .10-8 
0.07 X 1 o-5 0.07 X 10-7 
*probability refers to X2 (2 x 4) contingency table (as in table 18). 
For the second visit after a meal by Group X there was no evidence of differences 
between su1nmer and winter. The results corresponded to those shown in table 18 
for second visits by Group X, except that return visits to the food arm (A) became 
very common for the longest visit time, < 2.0 min. For Group Y the result of visits 
< 0.25 min was the same as in table 18, but the probability was only 0.08. There 
was insufficient information to analyse visits < 0.05 min, and for visits - < 2.0 min 
there was no difference between seasons (p = 0.19). 
Hence, although the results are striking for the first visit after a meal, conclusions 
on the second visit may be made only for Group Y; and such conclusions apply 
only when the visit time is < 0.25 or < 0.5 min. The weaker finding for the second 
visit i_s not surprising, for it is a function of sequence analysis. Barnett and Cowan 
( 1976) point out for sequences in a plus-maze that formal demonstration requires 
records of a vast number of visits . -
In summary, both groups made fewer visits to the empty arms ( C and D) in 
winter. For Group X the difference in behaviour between seasons was especially 
shown in an increased number of visits to the water arm (B) in winter. Group Y 
in winter greatly increased return visits to the food arm (A). The difference between 
groups highlights other differences found and commented upon earlier. In general, 
however, the findings for visits after a meal tended to confirm the hypothesis that 
the rals restrict patrolling in winter and ·limit their excursions to foraging. 
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5 .3 Discussion 
5 .3 .1 Body weights and food consumption of captive _mammals 
The body weights of live bush rats on the study area declined in autumn and 
winter (.table 9, fig. 8; 3.3.8). The body weights of rats taken for the analysis of 
body composition were lower in winter than in summer (fig. 24; 4.2.3). Several 
indirect methods of assessing food availability suggest that these decreases in body 
weight were not produced by a scarcity of food. 
The body weights of the samples collected for the analysis of body composition 
rose sharply to a minor peak between May and June and declined again ( fig. 24; 
4.2 .3) . This trend and. that for the body weights of live rats on the study area 
(3.3.8) are discussed together in 4.3.8. 
Of the two groups of experimental animals kept in Canberra, the rats which were 
maintained outside (Group Y), under an ambient temperature, declined in weight 
in autumn and winter and p'ut on weight in spring and summer although they had 
food in excess. But Group X which was maintained at 22°C under an artificial 
light cycle, which was varied with the seasons, did not change in body weight with 
season. 
The sole difference in the conditions of Groups X and Y was in the fluctuating 
temperatures experienced outside by Group Y. Perhaps the low temperatures in 
autumn and win_ter caused the latter to lose weight. Barnett and Mount ( 196 7) 
review the effects of cold on the body weigh.t of small laboratory mammals. 
When a laboratory rat (Rattus ·norvegicus), a guinea pig (Gavia cobaya) or a 
hamster (Mesocricetus auratus) is transferred suddenly from, say, 23 °c into the cold 
( 4 to 10°C), an early effect is loss of weight, but survivors may begin to make up 
the loss after a few days (reviewed also by Heroux, 1961a). Provision of nesting 
material ameliorates the response. Adults may never completely make up the initial 
loss, but young, if they survive, continue growth at a slower rate. After 12 
generations, a genetically mixed stock of laboratory mice, selected for the ability to 
breed in the cold, were heavier than controls kept at 21 °c (Barnett and Scott, 
1963). A similar observation has been made on wild house mice bred for 10 
generations at -3 °c (Barnett et al., 19 7 5). 
Hence laboratory mammals supplied with food to excess recover weight lost from 
exposure to cold. Genetical variation of laboratory mammals bred in the cold, 
allows natural selection to produce heavier phenotypes. These responses to cold in 
the laboratory do not resemble the seasonal response of the population of R. 
fuscipes kept outside (fig. 32). 
The food consumption of laboratory mammals increases on exposure to cold 
(Barnett and Mount, 1967), as does that of many wild mammals (Sealander, 1952). 
In the present study, food consumption was measured only during the plus-maze 
experiments (at 22°C). The experimental groups ate the same amount in summer 
and winter, but the rats kept outside under ambient temperatures consistently ate 
more than the group at 22°C. Barnett et al. ( 19 7 8b) found a similar result for 
cold-reared mice in comparison with warm-reared mice, when both were tested in 
plus-mazes at 23°C (see 5.2.2). When both groups were tested at 3°C, the cold-
reared mice still ate more than the warm-reared mice, and were heavier. 
One would expect a small mammal to eat more in the cold but, presumably, 
a large well-insulated mammal should not need to eat more in winter, unless it 
expends more energy in exercise. Durrer and Hannon ( 1962) kept five Alaskan 
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Body weights and food consumption of captive mam1nals 5.3.1 
husky dogs (Canis familiaris) out of doors in Alaska: in summer their caloric intake 
was 205 kj/kg.day but by November it was 364 kJ/kg.day, despite the growth of a 
winter coat. Body weight was, however, lower in winter than in summer, even 
though activity was much reduced. An energy budget based on this information 
probably would not balance. Klain and Vaughan (1963) describe changes in enzyme 
activity in rats kept at 7°C for 3-4 weeks. These changes allowed growth on diets 
which did not support growth in rats kept in a warm environment because of an 
imbalance of amino acids. Barnett and Mount (1967) say that here is authentic 
evidence of improved metabolic efficiency. In the study of Alaskan huskies, an 
increase in metabolic efficiency would further serve to unbalance a calculated 
energy budget. Cherry and Verner ( 197 5) studied metabolic and insulative differ-
ences of prairie voles (Microtus ochrogaster) trapped alive in summer and winter 
(4.3.2). They found that the energy ingested did not vary between seasons, but that 
the gut assimilation efficiency was poorer in winter and it may be inferred that 
the energy required for maintenance was les~ in winter. In the present study, there 
was no evidence in the plus-mazes of a decrease in metabolic or of gut assimilation 
efficiency, since the rats in wii:1-ter did not eat more than in summer and did not lose 
weight (5.2.2). For the Alaskan huskies, a decrease in metabolic or gut assimilation 
efficiency in winter would solve the unbalanced energy budget. 
There are many other avenues, however, by which energy may be lost in winter. 
There are two common ways in which the heat loss of small mammals is increased in 
winter. (i) Resting metabolic rate may be higher (as was possibly indicated by the 
metabolic curves in the present study; fig 28; discussed in 4.3.5). (ii) Thermal 
conductance may be higher (but not for Alaskan huskies). 
A third avenue, by which an apparent increase in heat expenditure can be 
recorded, is an incorrect estimation of the energy expended in activity. The 
measurement of activity is highly dependent upon the device used (Barnett and 
Cowan, 197 6), and may not reflect the energy expended. This criticism is not 
particularly relevant to the study of the huskies, although it would have been very 
difficult to record the precise amount of heat lost in exercise·. In plus-maze 
experiments, too, it could be difficult to estimate energy expenditure from activity, 
and to calculate energy budgets. Westerterp (1977) measured activity by two 
methods: (i) a system of light beams and photocells, as used in plus-mazes; and (ii) 
a system of radar. He found that only, the radar gave an index of activity which was 
directly proportional to the energy costs involved, because it was sensitive to 
duration and to the rate of movements as well (not to be confused with rate of visits 
in a plus-maze, which is a much coarser measure)". 
All the studies cited above indicate the complexity of adjustments in body weight 
and food consumption in response to season and to cold, but they do not explain or 
provide mechanisms for the findings of the present study. It was unfortunate that 
food consumption could not be measured in the maintenance cages. The finding for 
the Alaskan huskies paralleled that of the R. f uscipes kept outside in Canberra 
(Group Y), since both lost weight in autumn and winter and put on weight in spring. 
The huskies ate more food in winter which, combined with the general [in dings 
above that mammals tend to eat more in the cold, suggests that if R. fuscipes ate 
more in winter it would not necessarily be inconsistent with the finding of weight 
los . 
Some mammals do, however, eat less in winter in captivity, even though supplied 
with food to excess. Stebbins (1978) kept 8 male and 8 female deer mice 
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Body weights and food consumption of captive mammals 5.3.1 
(Peromyscus maniculatus) in Canada, under similar conditions to the rats main-
tained outside in Canberra. He recorded food consumption and body weight 
weekly for 8 months (autumn to spring). The amount of food eaten. per ur:iit body 
weight declined in winter and appeared to increase in spring. Consumption of 
energy relative to total body weight remained steady in autumn and winter, but 
increased rapidly in spring. Body weight increased gradually over the entire period, 
but there was an apparent slowing of growth in winter and a spurt in spring. Larger 
samples and a longer study are needed to confirm these findings, because the 
differences were slight. The results, nevertheless, resemble those on R. fuscipes, in 
that growth slowed in winter. The lower food intake would be the prime cause of 
less growth. Heroux ( 1963a) kept laboratory rats outside in groups, in a Canadian 
winter, and supplied with food ad libitum. They did not lose weight. But these are 
domesticated animals; and even wild Rattus norvegicus cannot survive the Canadian 
winter, except with food and shelter provided by man (Burt and Grossenheider, 
1964; Nusetti and Aleksiuk, 1975). 
The group of small mammals whose seasonal weights and food consumption in 
captivity has been investigated thoroughly are hibernators. Hibernators put on body 
weight and fat before winter and lose weight across the winter. Some species eat 
little or nothing (anorexia), even when food is provided during the periodic 
arousals from hibernation (reviewed by Mrosovsky, 1976). The work on 
hibernators gives some insight into the ways in which body weight is maintained 
and modified. 
Two species which are intermediate between hibernators and winter-active 
mammals are the Yell ow Pine chipmunk ( Eutamias amoenus) and the striped skunk 
(Mephitis mephitis). Chipmunks store little energy as fat before winter, survive on 
food stored in a den during winter, and may conserve energy by entering into torpor 
occasionally (Stebbins and Orich, 1977). In a similar study to that of Stebbins 
(1978) above, Stebbins and Orich (1977) studied 12 captive chipmunks. Activity 
was severely redLtced in winter. Body weight increased until November, · declined 
during winter and increased again in spring. Food consumption per unit body weight 
began to decline in October, was lowest during winter and increased rapidly in 
spring. Energy intake relative to total body weight showed an identical trend. The 
results are more convincing than those for the deer mice, because the differences 
are more marked. 
Striped skunks, like hibernators, lay down fat and put on weight before winter. 
They spend long periods in winter inactive in a den, consume little or no food during 
much of the winter, but apparently- do not undergo natural hypothermia 
(Aleksiuk and Stewart, 1977). These authors kept four striped skunks in outdoor 
enclosures containing an ar_tificia~ den at one end and a feeding box at the other. 
Food was provided ad libitum. Activity decreased in winter but, unlike conspecifics 
in the wild, the kunks did not become inactive for long periods. Body weight 
increased rapidly in autumn, remained constant until mid-winter, then declined and 
increased again in spring. Food consumption per unit body weight decreased from 
October, remained low in winter and increased rapidly in spring. Food intake 
paralleled closely the mean weekly temperatures during this period. 
Hence a winter-active small mammal (Peromyscus maniculatus ), hibernating 
mammals and two specie intermediate between hib ernators and winter-active 
mammals showed similar changes in body weight and food consumption in response 
' to winter, when in captivity: (i) they maintained low weights or lost weight in 
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winter; (ii) they ate less food in winter, though provided with food to excess. 
The findings for P. maniculatus (Stebbins, 1978), and more especially for R. 
fuscipes in the present study, confirm indirect evidence, presented in 4.3.8, that 
lowered body weights may be an adaptive response to winter. The indirect find-ings 
on winter weight loss discussed in 4.'3.8 suggest that this type of adaptation has 
been selected fof' in many species of winter-active small mammal. The similarities 
with hibernators and with intermediate stages suggest one plausible pathway in the 
evolution of hibernation. 
Research on hibernating mammals in the laboratory, because it has been 
ex tensive, provides some theoretical background on the ways in whi_ch body weight 
is maintained and modified. Mrosovsky (1971; 1976) and Davis (1976) provide 
excellent reviews of the research on hibernation. Some small hibernators, such as the 
golden-mantled ground squirrel (Citellus lateralis ), maintain a circannual cycle of 
body weight for several years, even when kept under a constant photoperiod (LD 
12:12) at 22°C (Pengelley and Asmundson, 1969) . Mrosovsky (1976) defines these 
circannual fluctuations as programmed changes of body weight and fat. He uses the 
word "programmed" to imply that the cycle is controlled endogenously and not 
just regulated. The distinction is defined by Brobeck ( 1965): control means manage-
ment ( of a function), whereas regulation means maintenance only. Mrosovsky 
(1976) says: "The weight cycle can be described in terms of a gradually climbing 
and falling set-point for weight or fat". A set point refers to the value of a reference 
signal in a system with negative feedback (reviewed by Mrosovsky and Powley, 
1977) . A programmed change in set points, for example, accounts for the fact that 
prehibernation fattening in autumn does not proceed at maximal rates, as shown for 
golden-mantled ground squirrels by Barnes and Mrosovsky (1974). Anorexia and 
lowered set points for body weight in winter may be a functional necessity if 
animals are to hibernate for long spells (Mrosovsky and Barnes, 1974). They argue 
that arousals are required for the kidney to maintain blood constituents within 
tolerable levels. 
If the animal ate or had a high body weight it would need to arouse more 
frequently than if it fasted or kept a low weight. Mrosovsky ( 19 7 6) says that the 
lesson to be learned from laboratory studies is that rather than mechanisms of 
weight gain switching on maximally in autumn and off in the winter, there is a 
gradual programme of weight gain and loss brought about by changing set points. In 
the wild, the ways in which these set points are met and defended would vary 
according to the conditions of exogenous variables, such as temperature and food 
supply . Mrosovsky makes the very important point, with-respect to weight and lipid 
programmes of hibernators, that there is always a considerable safety margin. He 
po tulates that evolution has acted to keep these programmes, including the 
reproductive aspects, well within the bounds of environmental resources. 
\!\Th ther the theories . above are directly applicable to winter-active mammals and 
to R. fuscipes is uncertain, but in view of the close similarities in seasonal cycles of 
body weight and food consumption, described above, the theory offers an 
excellent starting point for futl_lre research. Recent studies on the dormouse (Glis 
glis ), by Schaefer et al. ( 19 7 5), and by l\!lrosovsky ( 19 7 7), support the theories 
above and provide an experimental animal which is ideal for research into the body 
weight cycles of both hibernating and active mammals. Dormice, fed ad libitum, 
have cycles of body weight lasting only a few weeks (Mrosovsky, 1966; Schaefer 
et al., 19 7 5) . The pattern of fluctuations suggests an oscillation between an upper 
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and lower limit: when the lower limit is reached compensatory mechanisms are 
induced which act on food intake and cause an increase in body weight; when the 
upper limit is reached similar mechanisms cause body weight to fall, and so on 
(Schaefer et al., 19 7 5). Schaefer et al. ( 19 7 5) found that fluctuations between 
limits at 24°C were smaller than at 5 to 6°C. They were also smaller in summer than 
in winter. The authors suggest that in summer body weight stays near the upper 
limit. The situation is complicated because dormice may also hibernate. 
Mrosovsky ( 19 7 7) notes that under conditions unfavourable too hibernation ( 2 2°C) 
the cycles tend to be as described, but under conditions in which dormice hiber-
nate (5°C) the cycles can last many months. He found that some individuals 
hibernated extensively for long periods, whereas others did not. Those that did not 
hibernate extensively in his cold room had cycles similar to those described by 
Schaefer et al. (1975). Hence , as Mrosovsky (1977) notes, these cycles can be used 
to study phases of fattening and slimming without having to wait a year, and to 
study hibernation at any time of year without having to resort to food deprivation. 
A further study on dormice by Schaefer et al. ·(1976) leads to further aspects on 
food intake . In addition to the amount eaten, the composition and selection of diet 
are also important. The topics are reviewed by Barnett and Mount ( 19 6 7) . Schaefer 
et al. (1976) examined the food selection of dormi ce given a choice of carbohydrate, 
protein and fat: during the spontaneous cycles of body weight, a large carbohydrate 
intake occurred during the increasing phase and was fo-llowed by a smaller lipid one. 
Jahoda ( 197 0) found that captive grasshopper mice (Onychornys leucogaster) which 
had not previously eaten fat changed to a predominantly lipid diet at the beginning 
of the cold weather in November. Hence the programmed set points for body 
weight are maintained, and changes are accomplished, not only through the amount 
eaten but by dietary selection and composition as well. 
' Programmed set points of body weight, although controlled endogenously, are 
presumably kept in phase by "environmental triggers" or Zeitgebern ( defined by 
Aschoff et al., 1965; reviewed in the volumes edited by Aschoff; 19.65, Pengelley, 
1974) and modified by other environmental variables. One possible environmental 
modifier is temperature, as shown by Aleksiuk and Stewart (1977) for the food 
intake of striped skunks (Mephitis m ephitis). Leung and Horwitz (1976) found that 
temperature also affects the free-feeding patterns of laboratory rats (Ratius 
norvegicus) maintained on a 15% protein diet and a constant photoperiod ( 12: 12 h 
LD). The rats were transferred to 5°C for 77 d and then returned to 24°C. Cold 
exposure caused an immediate reduction in nocturnal meal frequencies . There was 
no change in diurnal meal frequencies. Rehabilitation e~icited an abrupt increase in 
nocturnal meal frequencies, but as was to be expected there was a reduction in mean 
nocturnal and diurnal meal sizes. 
Photoperiod is probably the most powerful Z eitgeber entraining the endogenous 
rhythms of plants and animals (Daan and Aschoff, 1975). Petterborg (1978) 
provides an authentic instance of the manipulation of body weight set points by 
photoperiod. He studied Montane voles (Microtus montanus) at a contant 
temperature (20°C) and under artificial short (6 h light) or long (18 h light) day 
lengths . Montane voles born in the separate conditions did not differ until weaning, 
when the animals kept in a long-day cycle grew faster. Subadult and a,dult voles 
maintained under short-day conditions increased in weight dramatically when 
hifted to 18-h days; those maintained under long-day conditions lost weight when 
shifted to 6-h days. The animals kept in a long-day regime were heavier than those 
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Body weights and food consumption of captive mammals 5.3.l 
kept in short-day conditions. There is no evidence that these environmental 
modifiers wo-rk in the same way as Zeitgebern which entrain circadian rhythms 
(Daan and Aschoff, 197 5), nor is there evidence in the studies above that photo-
period alone regulates circannual rhythms of body weight; but, until such a time as 
the research on body weight is distinguishable from the research on circadian 
rhythms, 'it is best to consider such findings in the context of rhythm research, 
especially as programmed set points of body weight would normally form a 
circannual rhythm. 
Petterborg ( 19 7 8) -also kept a group of Montane voles outside under natural 
temperature and light conditions from October to March. The youngest animals 
ceased growth in winter, two groups of older anim.als lost weight in autumn and 
maintained low weights in winter. All animals increased in weight rapidly in spring. 
The findings resemble those for Peromyscus maniculatus by Stebbins ( 197 8) and for 
R. fuscipes in the present study . 
The bush rats of the present study, kept at 2 2°C but in conditions of light which 
were varied with the seasons, did not show any change in body weight in response to 
changing photoperiods. It would be interesting to know whether the Montane voles 
used by Petterborg (1978) would show the same seasonal changes as conspecifics 
kept outside, if they were maintained at 20°C under artificial lighting which was 
varied with the seasons. Conversely, it would be interesting to repeat Petterborg's 
experiments with R. fuscipes kept in 6 and 18 h of daylight. 
In summary, the seasonal change in the body weights of R. fuscipes kept for three 
years under natural conditions of temperature and light are the most convincing 
evidence yet presented of a circannual cycle of body weight in a winter-active small 
mammal. These changes, in rats supplied with food ad libitum, provide direct 
support to indirect evidence, presented in Chapter 4, that winter weight loss of R. 
fusczpes is not caused by declining food resources in winter. Studies on the effect, 
on body weight and food consumption, of exposing a small mammal to cold, show 
that low temperature alone cannot produce changes in body weight which resemble 
the seasonal changes described above. 
s~3 .2 Seasonal activity 
"Activity" has not as yet been defined, although some attempt has been made to 
render its use unambiguous. Barnett and Mount ( 196 7) define "activity" as any 
movement of the whole body or of the trunk or limbs. "Locomotor activity" then is 
the activity required for locomotory movement. Decreased activity on exposure to 
cold is a general finding for mammals ( 5 .1.4 ). The "decline in activity", found in the 
researches quoted, has a precise significance in each case; but it is not always the 
same significance. Barnett and Cowan (1976) critically review the conventional 
methods of .measurement. Westerterp (1977), cited ear.lier (5.3.1), compares the 
activity recorded by photocells and radar as means of measuring the energy 
expended in that activity . Cowan (19 7 5: 9) states, of what has been called "general 
activity" in the literature, "General activity is in practice the sum of the changes in 
an animal's behaviour which are sufficient to activate the particular recording 
method used". In the present study, the activity measured was a precise but relative 
record o [ movement in a plus-maze in two seasons. 
The activity in plus-mazes of two populations of R. fuscip es kept in captivity is 
pre enled in 5.2.2: (i) Group X was maintained at 22°C under an artificial light 
cycle, which was varied with the seasons; (ii) Group Y was kept under natural 
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Seasonal activity 5.3.2 
conditions of temperature and light. Group X had been in an environment at a 
constant temperature for 6 to 10 weeks only, before being tested in winter. Both 
groups showed similar seasonal changes, but there were also marked differences 
betweeo them. The differences between groups appeared to be related mainly to 
changes induced in Group X by being kept at a constant temperature and are, 
therefbre, not related to adaptation to winter. The finding of a seasonal difference 
for Group X indicates that the behaviour measured is stable for at least 2 months 
after animals are re1noved from conditions of natural temperature fluctuation. 
Group X was tested again in winter after being kept at 22°C for about one year. 
There was then no evidence of seasonal change. 
The analysis of the daily total activity in each arm of a plus-maze and of 
each individual visit and duration of stay showed the following. (i) More visits were 
marle to and more time was spent in the food arm in winter than in summer. (ii) The 
empty arms tended to be used less in winter. These findings suggest that bush rats 
tend to limit locomotory activity in winter to foraging and to restrict other forms of 
activity, such as unrewarded patrolling. To test this, short visits immediately after 
a meal Were considered as a convenient index of systematic patrolling. If, in winter, 
bush rats tend to concentrate on foraging and to minimise patrolling, one would 
expect a change, between seasons, in the pattern of short visits after a meal. One 
would expect short visits to the empty arms after a meal to decrease in winter and 
perhaps corresponding visits to food or water to increase. These expectations were 
confirmed, especially by the record of Group Y (ambient), which showed a massive 
increase in repeat visits to the food arm after a meal in winter. Group X (22°C) 
visited the water arm more in winter. 
Two areas of research provide a theoretical background to this discussion of 
seasonal activity in plus-mazes. These are (i) other work in plus-mazes by Barnett 
and his co-workers and, (ii) research on circadian rhythms, circannual rhythms and 
biological clocks. 
(i) The early studies in plus-mazes (reviewed by Barnett and Cowan, 1976) gave 
information on the typical patterns of movement to be expected and gradually 
permitted the development of more and more sophisticated ways of analysing the 
findings. 
(ii) Synchronised biological rhythms, biological clocks and circadian rhythms are not 
recent concepts, but it is only in the last twenty years that the field of biochrono-
metry has expanded producing a diverse literature and a complex theoretical 
structure. A circadian rhythm is an endogenous biological oscillation with a natural 
period close to that of a solar day (24 h). A circannual rhythm is a similar 
oscillation ,with a natural period close to a year. A Zeitgeber ( time-giver) is the 
forcing oscillation, such as an environmental light cycle, which entrains a biological 
osc_illation. Entrainment is the synchronisation of a biological oscillation to a 
Zeitgeber. These are some of the basic definitions of biochronometry (after 
Saunders, 19 7 7). This is sufficient for the present discussion. Further definitions 
requir rather more explanation and begin to involve complex mathematical models. 
A good introduction to th~ topic of biological rhythms is given by Harker (1964) 
and Saunders ( 19 7 7). The theory of physiological clocks is reviewed by Bunning 
(1973). The current state of awareness in (a) circadian rhythm research is presented 
in s hoff (1965); (b) circannual rhythms in Pengelley (1974) and (c) the molecular 
basis of rhythms and current mathematical theory in Hastings and Schweiger (1975). 
R ecent work on plus-mazes Barnett et al. ( 19 7 8b) studied two groups of wild 
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house-mice Mus musculus: (i) reared at 23°C and (ii) reared at 3°C, in plus-mazes at 
23°C and at 3°C. Both groups reduced locomotor activity in the cold: this is a 
general .finding for small mammals, discusse.d in 5.1.4. -There is no evidence against 
the generality of this finding in the literature, which makes it unlikely that either 
group of R. fuscipes maintained at 22°C or under ambient temperatures, would have 
responded differently if tested at low temperatures. Barnett et al. ( 19 7 8b) also · 
found that the mice reared at 3°C were more active than the mice reared at 23°C 
whether tested at 3°C or at 23°C. In the present study, rats kept under ambient 
temperatures were more active al 22°C than rats kept at 22°C, in both summer and 
winter. The implications of this finding are, however, not related to winter 
adaptation (discussed in 5.2.2). But R . fuscipes did appear to respond in a manner 
similar to that of other rodents in plus-mazes, except that they apparently 
economised energy in winter by modifying patterns of locomotor activity, even 
when tested in a warm environment (22°C). 
Cowan (1977) studied systematic patrolling by hooded laboratory rats (Rattus 
norvegicus ), (i) on recovery from deprivation of food or water and (ii) in plus-
mazes with access to the arms restricted to 3-h daily. The conditions in each arm 
were the same as for the present study. Barnett (1976) had suggested that when 
deprived rats are given access to food and water, partial recovery from the 
deprivation (a prolonged bout of eating or drinking) may remove an inhibition on 
other behaviour, such as · exploration. Cowan's (197 7) findings on deprivation 
support this hypothesis. Cowan's rats adapted to restricted access to the arms by a 
rearrangement of their patterns of movement, and not by increasing total move-
ment. An increase in visits to and time spent in the food and water arms was 
reflected by a decrease in visits and time in the empty arms. But the frequency of 
the regular patrolling of all four arms (indicated by the di.stribution of lengths of 
visit to -each arm and by sequence analysis) was otherwise not much altered. 
Systematic patrolling and exploratory behaviour do not appear to habituate; except 
during the first day or two in the new environment, the amount of patrolling in 
plus-mazes changes little during stays of up to 30 days (Cowan, 1975). 
In the present study, R. fuscipes also rearranged their patterns of movement in 
winter: the increase in visits and time spent in the food and water arms was also 
reflected by a decrease in the same measures in the empty arms. The time spent in 
unrewarded patrolling in winter was severely curtailed (indicated by an analysis of 
the distribution of the lengths of visits to each arm and of short visits immediately 
after a meal) . 
Barnett et al. ( 197 8a) studied wild and domestic R. norvegicus in plus-mazes 
where access to the arms was also restricted to 3-h daily. Three arms each contained 
a different food and one was empty ( 5.2.2). They found patterns of patrolling and 
bouts of short visits similar to those found by Cowan ( 19 7 7). Behaviour towards 
fo od in a preferred food arm also resembled behaviour in the food arm in Cowan 's 
study. 
Barnett et al. (1978a) also provide an excellent summa~y of the techniques of 
analysis used in the present study and other methods of presenting information on 
bouts of visits (also used by Cowan) . Restriction of access to the maze arms to 3-h 
each day, although it is a form of deprivation, concentrates activity into a 
·convenient time-span and helps to diminish variation between individuals. Had 
access to the arms been restricted to 3-h per day in the present study, the findings 
might have been clearer, with less variation. But, since it was not known whether 
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restricted access could mask a natural seasonal pattern, the study of activity over 
24 h was unavoidable. 
In the present study, the curtailment of unrewarded patrolling in winter was a 
stable behavioural change, unlike the modification of behaviour produced by 
deprivation. Patrolling behaviour or exploration resumes after partial recovery from 
food or water deprivation once a consummatory state has been attained (Cowan, 
19 7 7). Similarly when access to arms in a plus-maze is no longer restricted to 3-h 
daily, activity returns to the pattern of rats given continuous access to the arms 
(Cowan, 1975). In the present study, however, both those R. fuscipes removed 
from winter temperatures, and also those which had been kept at 22°c for 6 to 10 
weeks, maintained a characteristic winter pattern of activity when tested at 22°C, 
though no direct energetic advantage was conferred by this behaviour. 
The benefits for a bush rat of expending a large amount of energy in patrolling its 
environment in summer are concerned not only with familiarising itself with the 
environment but with such things as finding a mate as well. 
In winter, when all rats are non-reproductive, these benefits are less important, 
whereas energetically, when outside the burrow, it makes sense to concentrate on 
gathering food ( discussed in 4.3.5 ). 
Other studies of seasonal change in activity Information on activity derived from 
trapping records is discussed in Chapter 3. Two studies on seasonal changes in body 
weight cited in 5.3.1 also recorded activity. Aleksiuk and Stewart (1977) measured 
the exits of striped skunks (Mephitis mephitis) from an artificial den, as an index of 
activity. They found that daily total activity (so measured) dropped steeply from 
October, remained low in winter, and increased in spring. The circadian pattern, 
analysed monthly, was bimodal, with peaks of activity after dusk and before dawn. 
In October, the ' skunks were active throughout 24 h, but were most active at night; 
in mid-winter they were strictly nocturnal, and there was also a long period of 
inactivity in the middle of the night. By April they had become partly diurnal once 
more. Yellow Pine chipmunks (Eutamias am(?enus) studied by Stebbins and Orich 
( 19 7 7), also with a system of treadles which recorded passages, were strictly diurnal. 
ctivity rose from dawn to a peak around midday and declined until dusk. In 
winter, the general level of activity was low, and the period spent active each day 
declined with contracting day lengths. 
Stebbins (1972, 1974, 1975) conducted a much larger investigation of seasonal 
patterns of activity of two species of red-backed vole (Clethrionomys gapperi and 
C. rutilus), which are active throughout the winter. Chipmunks, in contrast, occasion-
ally conserve energy by entering into torpor; and striped skunks, in the wild, spend 
long periods inactive in winter dens ( 5. 3 .1). Stebbins studied the red-backed vole in 
two location : in Edmonton (Canada) and in the arctic, at Heart Lake. All animals 
were upplied with food ad libitum and kept under natural conditions of 
temperature and light. Both species in both locations became less active (measured 
as the number of exits from a nest box) in winter (Stebbins, 1972). C. gapperi 
at Heart Lake ( 60°N) was nocturnal in winter, but in summer it was active after 
dawn in the morning, as welL In Edmonton ( 5 3 °N), C. gapperi was mostly diurnal 
all year, with a single peak of activity mid-morning (Stebbins, 1972). C. rutilus was 
polyphasic in winter and nocturnal in summer, at Heart Lake; whereas in Edmonton 
it wa polyphasic throughout the year, but more active in daylight hours (Stebbins, 
1972). Hence for each species there were some differences between summer and 
winter circadian patterns of activity; and there were differences between latitudes. 
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Erkinaro ( 19 61) studied the act1v1ty of the short-tailed vole ( Micro tus agrestis) in 
Finland. The circadian pattern of activity reversed from summer to winter: the voles 
were diurnal in winter and nocturnal in summer. 
Stebbins ( 19 7 4) moved some C. gapperi and C. rutilus trapped at Heart Lake 
(60°N) to Edmonton (53°N). The circadian pattern of activity of both species 
altered. Stebbins concluded that the patterns were affected by some environmental 
factor which differed with latitude. Daan and Aschoff ( 197 5) studied the circadian 
rhythms of 5 species of birds and. 3 species of small mam·mals at 48 °N and 6 7°N 
latitude in Europe . The a1nimals <lid not occur naturally at the arctic sites and most 
were kept indoors, but under a natural light cycle. They were studied over several 
years. Seasonal variations were greater at high-latitude (67°N) than at 48°N. The 
duration of daily activity was correlated with photoperiod in all species. Many 
quantitative correlations were established, with facets of the activity rhythms and 
phases of the sun, but the information did not give co_mpelling evidence for any 
formal model. 
The last example is typical of progressive research on circadian rhythms, though 
all the examples cited have circadian rhythm research as a theoretical basis. This 
type of research may eventually provide answers on the mechanisms of endogenous 
control and of how entraining agents, such as photoperiod, modify and synchronise 
endogenous oscillations. But the general theories on circadian rhythms and on 
circannual rhythms are as yet imperfect. In comparison with plus-mazes, the methods 
used are less sensitive to fine changes in the pattern of locomotor activity. Activity 
can be recorded as daily or hourly totals but not, as is possible in plus-mazes, as 
moment to moment visits and durations of stay outside a nest. Daan and Aschoff 
(1974) state, of the methods used in their study: "The recording technique (event 
recorders) does not allow any statements on the amount of activity and its detailed 
temporal distributions, and the basic data analysed are only daily readings of onset 
and end of activity". 
In the present study, R. fuscipes were tested in plus-mazes at 22°C to remove any 
direct effect of low temp-erature on movements. Visits to food, water and empty 
spaces were recorded and timed in summer and winter. Analyses were performed 
on the frequencies of visits to each of the four maze arms and the pattern of 
systematic patrolling after a meal was also analysed. The analyses led to a hypothesis 
that in the wild bush rats restrict unrewarded patrolling outside the burrow in 
winter and concentrate on foraging. The present study provides the most detailed 
analysis yet given of the adaptive changes in locomotory activity, which occur in a 
winter-active small mammal in response to winter. 
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"The way a question is asked limits and disposes the ways in which any answer to it 
- right or wrong- may be given." (Langer, 1951) 
The statement is the key to Langer's thesis that the- questions of our own period 
were formulated during the Rennaissance and very few new questions have been put 
forward since. On a less grandiose scale it was postulated earlier that perhaps the 
right questions on winter adaptation had not been asked. No detailed answers are 
given here, but the present study does provide new or, at least, rele,vant questions 
concerning the adaptations of winter-active small mammals. Some general questions 
on the winter adaptation of small mammals are: Why is survival high in winter for 
many species? Why do many populations lose weight in winter? Why do activity 
patterns change in winter? These questions are expanded in earlier discussions and a 
series of working hypotheses are proposed for future research. 
The major new findings of the present study are: 
(i) All age classes of R. fuscipes survived well in winter, better than at other times 
of the year. Hence the species is well-adapted to survive in the coldest winter 
habitats in Australia. · 
(ii) The main changes found in an analysis of seasonal body composition were: 
( a) an increase in winter of insulation, stored lipids (energy) and capacity to produce 
heat, and (b) a decrease in winter of lean mass and body protein. The findings 
suggested that annual changes in the environment integrate, at least, two physiolo-
gical strategies of adaptation to winter. The first is thermoregulatory, with increases 
in the ability of the body to produce heat in winter and with some minor increases 
in energy conservation, by restricting rates of heat loss. The second strategy is 
related to a restriction of energy requirements in winter, possibly by lowering the 
energy intake needed for maintenance of body functions. These strategies are not 
completely independent since, to achieve the rapid yearly increase of lipid content, 
a compromise appears to be necessary between them, which briefly reverses the 
trend for weight loss during a critical period in May. 
(iii) Visits to food, water and empty spaces in summer and winter were recorded 
and timed in an artificial environment. An analysis of the findings led to a 
hypothesis that, in the wild, bush rats restrict unrewarded patrolling behaviour 
outside the burrow in winter and concentrate on foraging. Because of the technique 
used, these findings are the most complete analysis yet given, of adaptive changes in 
locomotor activity, occurring in a winter-active small mammals in response to winter. 
A comparison with findings for small m4mmal in the Northern Hemisphere 
shows that R. fuscipes responds generally to winter in the same manner as small 
mammals in the arctic. The seasonal modif1eations of R.-Juscipes, though of slightly 
smaller magnitude, are very marked, more than one would expect intuitively, in a 
mild-climate, such as that of Lees Creek. The finding agrees with the suggestion in 
Chapter 2 that mechanisms of resistance to cold would have developed early in 
mammalian history. And one would expect all m4mmals to have some basic pre-
adaptations in defence against low environmental temperatures. 
The findings of the present study validate a suggestion in the introduction that 
the aims and general approach of the project would produce a few fruitful working 
hypotheses, with which to proceed with future research on winter adaptation. The 
hypotheses rai ed do seem to provide a reasonable explanation of the findings, but 
they are only "working hypotheses". 
An alternative way to view the findings is to examine them with respect to 
conventional theory. 
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General conclusions 
In some respects they do conform with expectation. For example, the rats did not 
breed in winter; during the cold season their hair was thicker and their activity 
(movement about a living space) was probably reduced. Other findings on body 
weight complicate the picture. Loss of weight in winter could be expected to be due 
to a decline in fat reserves; but the proportion of fat in the body was higher in 
winter than in summer. A priori such a loss of body weight is maladaptive: the 
colder the environment, the larger the body should be: Moreover, the low 
temperatures of winter would conventionally be regarded as a 'stressor'; and a higher 
metabolic rate would be expected. Yet the hearts of these rats are lighter in winter 
than in summer; and, more surprisingly still, so are adrenal and spleen weights. 
However the conclusions of the present investigation are put, they raise many new 
questions, rather than answers . Moreover, even when much more work has been 
done, the conclusions are likely to be an oversimplification. This general principle is 
stated by J .B.S. Haldane, in a letter to Robert Graves. "Th e fact about science, is 
that everyone who has made a serious contribution to it is aware, or very strongly 
suspects, that the world is not only queerer than anyone has imagined, but queerer 
than anyone can imagine. This is a most disturbing thought, and one flees from it by 
stating the exact opposite ... " ( cited by Clark, 1969). 
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Shrubs and Creepers 
Silver wattle Acacia dealbaia 
Blackwood A. melanoxylon 
Blackthorn Bursaria spinosa 
Dogwood Cassinia aculeata 
Australian Clematis Clematis aristata 
Rough Coprosma Coprosma hirtella 
Prickly currant bush C. quadrzfida 
River Lomatia Lomatia myricoides 
Hazel Pomaderris Pomaderris asp era 
* Blackberry Rubus fruticosus 
Native Raspb erry R. triphyllus 
Ferns 
o Fishbone water-fern Blechnum nudum 
Soft tree-fern Dicksonia antarctica 
Austral bracken Pteridium esculentum 
Herbs and Grasses 
Bidgee widgee Acaena anserinzfolia 
Common bird-orchid Chiloglottis gunnii 
o Blue Flax Lily Dianella tasmanica 
Kidney weed Dichondra rep ens 
o Geranium Geranium sp . 
Pennywort 1-fydrocotyle sp. 
o Spiny-headed mat-rush Lomandra longzfolia 
ustralian caraway Oreomhyrrhis eriopoda 
Hawkweed Picris Picris hieracoides 
o Snow Grass Paa helmsii 
Self-heal Prunella vulgaris 
Buttercup Rununculus sp . 
Grou nd sell Senecio gunnii 
Prickly starwort St ellaria pungens 
* Dandelion Taraxacum officinale 
* Nett le Urtica incisa 
Hairy speedwell Veron ica caly cina 
Ivy-leaf vio let Viola hederac ea · 
* weeds o palatable shoots or basal parts 
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Stewart A.P . 1979 Trapping success in relation to trap placement with three species 
of small mammals, Rattus fuscipes, Antechinus swainsonii and A. stuartii. Aust. 
Wi ld 1. Res . 6: 1-8. 
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Aust. Wild/. Res. 1979, 6, 001 - 08 
Trapping Success in Relation to Trap Placement 
with Three Species of Small Mammals, 
Rattus .fuscipes, Antechinus swainsonii 
and A. stuartii 
A. P. Ste1rart 
Department o f Zoology, Australi an National Universi ty, Box 4, P.O., Canberra, A.C.T. 2600. 
Abstrnct 
The efTect of trap placement on trapping success was investigated w ith the sma ll mamma ls Ratt 11s 
.f11scipes, Antecl,inus swai11sonii and A. st11artii. Trapping success for A. stuartii was not affected by 
densi ty of ground cover (measured qualitatively and by the penetration of light) , type of ground 
cover, presence of logs or presence of run ways (ei ther small natural openings in the ground cover 
or wo mbat pa thways). R . .fi,scipes and A. swai11so11ii were caught more frequentl y in areas of good 
cover, in fish bone wate r-fern B/ecl,1111111 1111d11111 and on runways. The two indices of cover gave 
simi lar re. ults. A. swai11so11ii was often caught on wo mbat pathways but not often on sma ll natural 
runways; preference for wombat pathways increase.cl in winter. L ogs we re not preferred by any of 
the . pecies. Some latitude may be desirable in trap pl acement within a predetermined trapping 
configuration, especia ll y w hen small mammals are sparse ly distributed . 
Introduction 
Much of the literature on small mamm al trappin g concerns estimation of home 
range and pop ul a ti on size. The poss ibility of measuring these accurately is sti ll 
controversia l ( e.g. Stickel 1954 ; Brant l 962; Tanton 1965; RofT 1973a, 1973b; 
Caugh ley l 977). Vari ous co nfi gurations for lay in g traps [summ arized by Smith et al. 
(1975)] have been sugges ted, but the grid is the most widely used . The use of index 
trap line , especially fo r estimating population , has been rega rded as questionabl e, 
sin ce Stickel (1948) wro te an excellent criticism of the technique; but Hann so n (1967) 
and Petti crew and Sadleir (l 970) advoca te their use in controlled circumstances, as an· 
efficient means of sampling. 
Research on the mechanics of trapping h,1s con idered the e!Tect of type of trap 
(e.g. ea lander and James 1958), trap spaci ng (e.g. Stickel l 965), bait and sa mpl ing 
inten ity (e.g. Gurnell 1976) a nd odour (Rowe 1970; Boonstra and Krebs 1976). 
Many aut hor pay so me attention to vegetation in sma ll mammal pop ul ation studies 
and so me have inve tigated cover (Mossman 1955; Birney r!t al. 1976); Pri ce (1977) 
examined Lhe va lid ity of us in g li ve tra11ping as a measu re of foraging activity. Newso me 
( 1969a, l 969b) desc ribed the eco logica l rel a ti on hip bet ween ha bi tat and popu I ation 
dynamic in hou e-mice. /1,fus musculu'>, in two marginal habitats. Braithwaite and 
Gullan ( 1978) and Cockburn ( 1978) examined habitat preferences of sma ll mammals in 
relation _ hip to both nori tic and tructural a pects of the vegetat ion. But the questio n 
of what fact or involved in trap location afTec t trappi ng succe s does not seem to have 
been inve ti ga lecl directl y. Since the trappin g tech niqu e of a field worker ca n be of 
co n, ide rable importance (Gurne ll 1976), thi i rather surprisi ng. A possible expla-
nati on i that in the northern hemi phere, where mo t of the theory originates, small 
• ,, I 
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mammal r,opulations are u ually not sparse. For example, Southern (1973) stresses 
that sumcient trap be used so that at least 20 % arc cmr,ly. J.n Australia one is 
r,leased and surprised if at least 20°{i are occupied. 
The prese nt study ask what traps catch the most animals and why. The infor-
mation comes from a study on winter adaptation of the bush rat, Rattus Juscipes, 
which was the target specie . Two other sr,ecies, the du sky marsupi al-mouse Ante-
chinus s1rni11sn11ii and the brown marsupial-mouse A11techi11us stuartii were also trapped 
frequently, and provide so me useful information. 
Site 
The study area is at the lower end of Lees Creek Vall ey in the Brindabella Moun-
tain s about 25 km west of Canberra, in the Au stralian Capital Territory. The valley is 
about I J km long, narrow, and slopes upward towards the so uth-west. The site was 
cho. en, after extensive trc.1pping along th e va ll ey, as an area containing what was 
hoped to be an a lmost isolated population of rats. 
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Fig. I . lap of the study area. The dark line along the creek is the main trap line. The points 
arc posts and the numbers refer to the number of the po t. 
The habitat was con idered, from trapping experience in similar areas, favourable 
for R. fuscipcs and A. s1rni11so11ii. The wet valley fl oor is narrow (60 m) bounded on 
one ide by a dirt road and an exotic plantation of pine trees ?inus radiata, and on the 
other . ide by a sleep bare hill and a similar pine plantation (Fig. !). There was no 
unuerslorey vegetat ion in the plantations. The n:itural vegetation is denned as a lower 
peppermint zo ne (Florence 1973): two pecie of tree, ribbon gum Eucalyptus 
rin1i11alis and narrow-leaved r,e1Jpermint £. radiata, predominate. The main under-
storey co er i primarily n hbone water-fern B/.echnum nudum, although occasional 
cover i. provided by brad:en Ptcridiun1 escule11t111n, oft tree-ferns Dicksonia antarctica, 
bl ackbe rry Rubusfruticosus, and nettle Urtica incisa. 
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In December 1976 an index Ii ne (680 m) or 30 n um be red posts was established 
along the creek following the lines or best cover. The first six posts were each 40 m 
apart (becau se of good visibility) and the remainder 20 m apart (Fig. I) . Another set of 
post formed a tran sect line (150 111) across one or the widest and well covered sections 
or the valley. The tran sect extended into the pines al either end (Fig. J) . Between 
po l 3 and 6, and between po ts 23 and 25 on the main trap line was a shrub zone, 
with very little ground cover . 
Methods 
The stud y area was first trapped in January 1977. One standard Elliott trap for small mammals 
was placed at interval s of 5 m ( ± 2 111) along both lines (137 an cl 31 traps), in what was considered the 
best position at eacl-1 trap site. The lines were trapped on six occasions: Janua ry (five ni gh ts), M ay 
(two ni ghts), June (four night ), July (two nights), August (four ni ghts) and December (five nights). 
Trapping was halted after two nights in May and July, because of predation by a fox and unexpected 
frc~zi ng rain, respectively. The extra night in December gave 10 nights trapping each for summer 
and winter. 
Traps were baited with a mixture of peanut butter and oats; nesting material (cotton wool) was 
provided in vvinter. 
A qualit at ive analysis of cover was made for each trap site, immediately after the traps were 
first se t in January . Cover was divided into three categories: poo r (I), medium (2) and heavy (3). 
A quantitative analysis of cover was made with an EEL portable photoelectric photometer ( 18.2727). 
A light reading (in lumens) was taken at each trap site between l 200 and 1400 h on an overcast day 
and repeated in reverse on the following day. The result s were divided into frequency classes; the 
highest light intensities formed the lowest class. 
M eas urements in the pines were mislead ing: the readin gs were low because of dense upper-
storey folia ge, yet there was no ground cover. Thr'ee other potentially important variables were: 
(I) run ways; (2) logs; (3) the main ground cover, Blech1111111 nuc/11111 . (I) No clear evidence was 
found that runwa ys in the area were either made or used by any of the three spec ies. T wo types of 
runway could nonetheles be read il y defi ned: (a) small natural openings in the ground cover, of 
from 2 to several metres in length; (b) wombat pathways. Traps were placed in these run ways. 
(2) Traps by logs were either under the log or merely beside it . (3) B . nuc/11111 was eit her th ick and 
continuous or in iso lated clumps. Traps were considered to be innuenced by B. nuc/11111 if they were 
surrounded by it. 
Results 
A total of 344 captu re or R.firscipes, 169 of A. s1rn i11so11ii a nd 133 of A. stuartii 
were made on the main trap line in 3014 trap-ni ghts. The captures for R. firscipes 
repr~ enl 73 individual of which 29 (all new) were captured in Ja nu ary, l 8 ( 12 new) 
in May, 26 (15 new) in J une, 16 (I new) in July, 17 (2 new) in August and 20 (14 new) 
in December. The mean lrappability or R. firscipes ove r the entire period was 92 ~{i ; 
trap pabilily being the number caught at lime i divided by the number known to be 
pre enl [indirect method defined by Kreb ( 1966)). A. s11·ai11sc11ii a nd A. stuartii we re 
no t individuall y marked, but were clipped on th e car to distinguish recaptures rrom 
new ,ll1im a l . Direct counting or the mo t A. s11·ainsonii ca ugh t o n any day for each 
ses ion gave: 13 trapped in Ja nu ary, 14 in M ay, 14 in June , eight in Jul y, three in 
uguc:; t. and four in Dcccm ber. 
On the transect line, only 10 capture were made outside the wet valley floor in 440 
trap-ni ght . One juvenile ra t wa caught twice on the bare hillside (Fig. I); six cap-
tures of A. stuartii were made o n the hill and three in the lowe r pine plantation . The 
finding rrom the tran eel line were discarded; but the information showed that at 
lea t two pecie were re tri cted to the habitat along the creek. 
...,fl I 
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Indices of Co1·er 
The values for qualitative cover and li ght inten sity both approximated a normal 
distribution. The efTects of cover were analysed by one-way ana lyses of variance. 
Th e qualitative index (Fig. 2) a nct the li ght index (Fig. 3), respectively, show increasing 
numbers of capt ures with increasi ng cover both for R . ./tfscipes (P<0·00 I and <0·01, 
re pectively) and A. s11•a inso11ii (P < 0 · 00 I and < 0-001 ), but no evident trend for 
A. stuartii . The results for the two techniques compare wel l. 
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fig. 2. Capture success for R: Juscipes (• ), A. swainsonii (•) and A. stuartii (+ ) in three types of 
cover: l , poor; 2, medium; 3, heavy. 
fig. 3. Capture succe s for R. Juscipes (• ), A. s'll'ainsonii ( • ) and A. stuartii (+ ) on an index (1-7) of 
increasing cover defined by quantitative measuremen ts of li ght intensi ty (lurncns). The light intensity 
was hi ghes t in a reas of least cover. 
Table 1. Influence of the presence of runways, logs and Blech1111111 mu/um on trapping 
success for R.Juscipes , A. swainsonii and A. stuartii 
Probabi liti es refer to the resul ts of a x2 analys is on total captures. Means arc the 
numbers of captures in 100 trap nights 
o. of 
traps 
o runway 89 
Ru nway present 48 
P < 
o log 
Log present 
P < 
11 5 
22 
No /J. 1111d11111 59 
B. n11d11111 pre en t 78 
P < 
Rumt·ays, Logs and Blechnum nudum 
R. Juscipes 
mean 
9 ·40 
15 · 15 
0-0001 
11 · 38 
11 · 57 
0 -8 
9 ·01 
13 -23 
0 -001 
A. sll'ainsonii A. st11artii 
mean mean 
4-65 4·24 
7.39 4 . 74 
0 ·0 1 0-9 
5-69 4 .43 
5. 16 4 . 34 
0 ·8 0 -9 
3-31 J-70 
7 .34 4 ·96 
0 -0001 0 -2 
The vc1 lues for runway , logs and B. 11udu111 were not normally distributed. A simple 
X2 ana ly i wa cho en to te l the null hypothe is that their presence did not affect 
..,'I''' 
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capture succe s; the ana lyses were perrormed on the totals for all captures at all trap 
ites (Table I). Run ways and B. nudum increased captures or R. fuscipes and A. 
s1rninso11ii,· logs were evidentl y unimportant; none of the vari ab les affected capture 
success ror A. stuartii. A more detailed ana lys is (Table 2) shows that rats were 
caught on both type · of run way, but A. s1rni11sonii prcr erred wombat pathways. 
There was no evidence that the other va ri ab les in vestigated, such as clumps or con-
tinu ous B. nudum, had any eparate effect on trapping success. 
Table 2. lnnuence of lhe presence of small natural runways and womhat 
pathwa ys on trapping success for R . .fuscipes and A. swainsonii 
Probabilities refer to the resu lts of a x2 analysis on total captures. Means are 
the numbers of cap tures in 100 trap nights 
No natural runway 
Natural runway pre ent 
P < 
o. of 
tra ps 
105. 
32 
o wombat pathway 121 
Wombat pathway pr-e ent 16 
P < 
Effect of Seasonal Change 
· R. Juscipes A. swainsonii 
mean mean 
10 ·43 5 -41 
14 ·63 6·25 
0 -01 0·5 
10 -78 5-07 
16-20 9 -66 
0·01 0 -01 
The information used in th e previous section was divided into findings from summer 
(Jan uary and December) and winter (June, Jul y, August) , and analysed by means of 
x2 (2 by 2) co ntin gency tables, aga in on the totals, for all captives at all trap sites. 
A. Sll'ainsonii di sp layed the onl y seasonal difference , and only in its use of runways. 
Table 3. Comparison of summer and winter usage of runways and wombat 
pathways by A. swainsonii 
Probabilities refer to the resu lts of a (2 by 2) x2 contingency tabl e on total 
captures. Means arc the number of captures in I 00 trap nights 
o. of Summer Winter p 
traps mean mean 
o runway 89 5·5 1 3 · 15 
Run way present 48 6·46 7 -29 0 -045 
No natural runway 105 5-7 1 4·38 
atural ru11w~1y present 32 6·25 5-31 0-297 
o wombat pathway 121 5-70 3 . 72 
Wombat pathway present 16 6·88 11 · 25 0·029 
Re ult were stati tically significant (P<0-05) for wombat pathways when the 
general runway cla wa ubclivided (Table 3) . Hence, the preference of A. s 11 ·ai11s011ii 
for wombat rathways increa ed in winter. The chan ge in behaviour may have been 
related to breeding, which began in June ; the males had 'died off' by August (Moore 
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1974; per onal obse rvati on). o statistica l analyses were at ternrted for the individual 
winter month s and visually no trend appeared from month to month . 
Di cussion 
The re ults for R. fusc,jJes, on first appraisa l, confirm the expectations of field 
experience and match the findings of comparable st udi es. Freeland (1972), Leonard 
( 1972) and Fl etcher ( 1977) found a marked preference by thi s species for dense cover. 
Rob in on (1976) found no uch trend but concluded that cover was adequate over his 
entire pl ot. Two studies in Victoria (Warneke 1964 ; Suckling et al. 1976) found 
R.fuscipes in young pine plantations, but they did not find them in mature plantations 
devoid of oth er vegetation. Similarl y, th e cover preference of A. swainsonii co nfor ms 
with th a t expected and a lso with that impli ed in anecdotal information in the literature 
(e.g. Recher el al. 1975). The presence of B. nudu111 and runways we re a lso expected to 
i ncrea e trapri ng succes . 
Th ere were., however, two a nom al ies. Firstly, there was no evidence of preference 
for log . Recher el al. (1975) state that A. sivainsonii frequent logs, and Fletcher (1977) 
considered that logs were important for R .fuscipes in north-eas tern New South Wales. 
Ra ts tend to run beside or hu g vertical surfaces and should therefo re use the sides of 
logs as nat ural pathways. Perhaps logs cease to be important in the presence of much 
gro und cove r. Certainly ·both species can survive without logs in heath habitat 
(D. L. Lunney, perso nal communication). On the main trap line two of the most 
success ful traps for R. fuscitJes in areas without ground cover were beside logs. 
Seco ndl y, A. s11 1ai11so11ii preferred to use wo mbat path ways instead of small natural 
run way , and increased it use of such pathways in winter. There eems no reason 
why thi sma ll marsupi a l hould prefer large tunnels made by wombats. 
The results revea l a lm os t nothin g about A. stuartii, and it is obvious that the appro-
priate hab itat va ri ables have not been measured. 
The initial question po ed in thi s study was what traps catch the most animals and 
why . Th e simpl e answer for R.fuscipes and A. s11 ·ainsonii is, those on runways and in 
good cover. The res ult ugges t that some latitud e fo r trap placement should be 
a ll owed, in stead of a fi xed trapp ing configuration. A. Press (persona l communication) 
showed thi in a difTerent way with R. fuscipes and A. sirninsonii. He set two parallel 
trap lin e : one wi th traps at precisely 20-m intervals and the other at intervals of 
ro ughl y 20 m ( + 2 m) with the trap in the best position ava il able. The second line caught 
many more animals. The two anomalies discussed, no preferred use of logs by any 
specie and A. Sll'ainsonii's idiosyncratic use of wombat path-ways, are perhaps more 
impor.tant fi nding . They hi ghli ght in adequacie in our knowledge of the two species, 
and indicate that field experi nee a lone is in umcient for precise statements on the 
habi t of mall mammals. 
Acknowledgments 
hould like to thank Profe sor S. A. Barnett and Dr D. C. D. Happold for 
critically revie,ving the manu cript. 
Reference 
Birney, ' . ., Grant, W. E., Jnd Baird , D. D . ( 1976). Importance of vegetative cover to cycles of 
Microtr,s populations. Ecology 57, I 043- 51. 
....... 
121 
Trapping Succe s with Small Mammals 007 
Boonstra, R., and Krebs, C. J. (1976). The effect of odour on trap response in Microt11s townse11dii . 
./. Zoo/. (Lone/.) 180, 467- 76. 
Braith wa ite, R. W ., and Gullan, P. K. (1978). Habitat se lection by -s mall mammals in a Victorian 
hea thland. A11st. J. Ecol. 3, I 09- 27. 
Brant, D. H . ( 1962) . Measures of the movement and population densities of smal l rodents . Univ . 
Calif P11hl. Zoo/. 62, I 05- 84. 
Caughl ey, G. ( 1977) . 'Analysi · of Vertebrate Populations.' (John Wiley and Sons: Chichester.) 
Cockburn , A. ( 1978). The cli stri bu tion of Pse11don1ys shortridgei (M uridae: Rodentia) and its relevance 
to that of other heathland Pse11c/0111ys. Aust. /Vi/di. Res. 5, 213- 19 . 
Fletcher, If. L. (1977). H abitat relation ships among small mammals al Petroi, north-eastern New 
South Wales. M . Nat. Res. Thesis, Universi ty of Armidale. 
Florence, R. G. (Ed.) (I 973) . A resource and management survey of the Colter River Catchment. 
(Resource and Environment onsulting Group, Department of Forestry, Australian National 
University: anberra). 
Freeland , W . J. (1972) . A rainforest and its roden ts. M .Sc. Thes is, Univers ity of Queens land. 
Gurnell , J. (1976). Studies on the effects of bait and sa mpling intensity on trapping and estimating 
wood mice, Apodem11s sylvaticus. J . Zoo/. (Land.) 178, 9 1- l 05 . 
l Iannson, L. ( I 967). I ndex line catches as a basis of population studies on sma ll mammals . Oikos 
18, 26 1- 76. 
Krebs, C. J. ( 1966). Demographic changes in Auctuating populations of Micro/us californicus. 
Ecol. Mo11ogr. 36, 239- 73 . 
Leonard , B. V. ( l 972) . The effect of fire upon selected small mammal s and leaf litter fauna in 
sc lerophy ll fo rest in southern Australia. M .Sc. Thesis, Monash University. 
loore, G. H. ( 1974) . Aetiology of the die-off of male Antec/1i1111s stuartii. Ph .D . Thesis, Australian 
National University. 
Mo sman, A. S. (1955) . Light penetration in relation to small mammal abundance. J. Ma111111al. 
36, 564- 6. 
Newsome, A . E. ( 1969a) . A population study of house-mice temporari ly resident in a South Australian 
wheatrielcl . J. A11i111 . Ecol. 38, 34 1- 9. 
Newsome, A. E. (1969b) . A population study of house-mice permanently inhabiting a reed bed in 
South Australia . J. Ani111 . Ecol. 38, 36 1- 77. 
Petti crew, B. G., and Sadleir , R. M. F. S. (1970) . The use of index trap lines toe timate population 
number. of deermice (Pero111ysc11s 111a11iculatus) in a forest environment in Briti sh Columbia. Can. J . 
Zoo/. 48, 385- 9. 
Pri ce, M. V. (1977). Validity of live trapping as a measure of foraging activity of heteromyid rodents. 
J. Ma111111al. 58 , 107- 10. 
Recher, H. F., Lunney, D . L ., and Posamentier, H. ( 1975). A grand natural experiment. Aust. Nar. 
I /isl. 18, 153- 63. 
Robi nson, A. C. (1976). Some aspects of the population ecology of the bush rat, Rattus fi1 scipes 
(Waterhouse) . Ph.D. The is, Monash University. 
RofT, D. A. ( 1973a) . On the accuracy of some mark - recapture estimators. Oeco/ogia (Berl.) 12, l 5- 34. 
Roff, D. A. ( 1973h ). An examination of some stati sti ca l test used in the ana lysis of mark-recap ture 
data . Occo/ogia (Berl.) 12, 35- 54 . _ 
Ro"e, F. P. ( 1970). The re ponse q f wi ld mice (Mus 11111sc11/11s) to live t raps marked by thei r own 
and foreign mouse odour. J . Zoo/. (Lone/.) 162, 512- 20. 
ca lander , J . A., and J ames, D. (1958) . Relative efficiency of different small 111ammal traps. J. 
l\ln111111al. 39, 215- 23. 
mith , l\ l. II ., Gardner, R. IL , Gentry, J. 13., Kaufman, D. \\'., and O'Farrelt, l. H. (1975) . Den sit y 
c timations of small 111ammal popul ation s. I n 'Smal l M ammal : their productivity and population 
dynamic ' . (Ed F. 8 . G alley, K . Petruzewicz and L. Ry zkowski .) (Cambridge Universi ty Press: 
L ondon.) 
Sout hern , H. N. (1973). yards ti ck for measuring populations of small rodent . Ma1111110I Rev. 
3, 1- 10. 
Sticke l, L. F. (1948) . The trap line a a measure of small mammal populations . J. Wild/. Manage. 
12, 153- 6 1. 
ticke l , L. F. (1954) . A comparison of certain methods of measuring ranges of sma ll mamma ls. 
J. Ma111111al. 35, l- 15. 
.. ,. 
122 
008 A. P. Stewart 
S l itl<cl, L. r. (1965). A method for approximating range size of mammal s. J. Ma111111a/. 46, 677-9 . 
Sucl< ling, G. C., Backen, E., H ci~lcrs, A ., and Neumann , F. G. ( I 97(i) . The nora and fauna of radiata 
pine plantations in north-eastern Victoria. Victoria For. 0111111. Bu ll. No. 24. 
Ta nt on, M. T. (1965). Problems of live-trapping and population estimation for the wood mouse, 
Apode11111s sy/votic11s. J. A11i111. Ecol. 34, 1- 22. 
W arncke, R . 1. ( 1964) . The life history and ecology of the Australian bush rat, Rall us assi111ilis 
Gould , in exotic pine plantations. M .Sc Thesi s, University of Melbourne. 
Manuscript received 8 November 1978 
... ·, 
123 
Appendix 1.3 
Extract from: Slade N.A. 1976 Analysis of social structure from multiple capture, 
data. J. Mammal. 5 7: 790-795. 
124 
r 
CEI\EH:\L f\OTES 79 l 
To ill11,tratc- tl w C<)l11pldC' a1ial>sis, s11pp,1s1· a li, ·1·- t rappi 11 g p1ogra111 had lwC'll co11<luctc<l 
i11 ,, l1icli i11d i, id11als, Sl'parahlc into i cakgoril's ( i ? 2 ), ,,·c 1-c marked an<l n·lcasc<l . From 
tlw, <· data , th e total rn1111bC'r of indi\'id11als in cacl1 o f tli l' catcgo ril's ( I\, = numbers in th e 
i"' catc•gory) in th e pop11lation \\Trc· cs ti1 11atvd . In addition, the J11l111ber o f si ng le ( C, = 
ll\111ilwr of captlll'<'S o f si11glc· indi,·id11al s of i"' c ,1tcgory) and lllultiplc (C,1 = nu111bcr of 
cap tirn ·s o f a11 i11cli, id11al ill th e i '" ca lc •gon· ,, itl, a ll ill(_livid11al in th e j"' category) capt1 1rcs 
,, ·c·r< · rccorckd . lkca 11sc any individ11al co uld l1an· lwl' n captured rqwatc<lly, N, need no t 
cq11a l C, + ~ C,1. 
J 
Tl1i s sd of captlll'L' l'l'l't>rds co1dd be 11sccl to t1 ·, t tl rn ·<· indt·pe1Hl1 ·11l l1 ypo tl wscs as 
foll()\\'. 
lluJJnt lu- .\ is / .-Tlw call' .~orics arc <''111:tll>· tr;1ppa l ,ll'. Thi, in vo h- l's a si111pk Chi-square 
l<·,t ,,ith tlw l() tal 111 111il,c r of captures for a ca tegory ( T , = C,+2C,,+~C1 1) rcprl'sc11l-1,1 
i11g th<' obs1·1T<'d \':tl111 ·s and (N, / ~~ ,) ~T , tl1e e:qwdcd \'al11 es. This hypoth es is is not 
o f parti c ular inte res t \\'l1cn .,t11d> ing \ocial lwha, i<>r h11t 111ay re fit-ct diffcn·nccs in activity 
or trap response of :111i111 a ls in th e , ·ari011s call'gori1·s. 
lluJJn//i(~\·is :? .- Indq1<'11dt·11n· of calc'gon· a11cl prnhahilit> ()f si11gl1· or 11111 ltipl1 · capture . 
. \ 2 X i co nti11g1 •11 cy lahlc a 11cl Chi-sq11arl' tc ·s l art' used "itli th e h1·0 ro11·s of th e table b e ing 
111111il H' r of s in g le (C,'s) a nd 11111ltipl c eap l11n ·s (2Ci, + ~ Ci 1 ) of individuals . Each nrnl-
; i 
tiplc · capt m e invoh 1·s l\\ o i11di, id11al s ancl so is (.'()ll lll ccl l ,, ·ice. TIH· co lu111n s of th e table 
are ca ptmes for cacl, ca tegory. Th e sa 111plc Clii-sq11ar<' 1·,tluc is calc11 lat ecl in the norlll a l 
111 a 1111c·r ( Sob I a11d Hoh If, HW9). This tes t rdl1·cts th e ten d e ncy o f indi, ·idua ls in a calc-
gor> lo lH' ca 11ght ,, itl1 o tlt <' r i11di v id11 a ls r<'ga rcll css of th e ir category. As such it is a 
[(l 'llt'ra l 11H:as 1:rc o f -con 1pa ra tin' soc ia lity or a1·oiclancc. B1Ta 11 sc th e actua l numl)('r of cap-
t lll'<'S is 11.scd i11 gC'ncrating th e cxp<'ctt'cl , ·.tl 11cs for tlw tali le <'ntrics, this t es t is u naffrctc<l 
hy any diffcrc11tial trap p a h ility lwl\1 ·1·cn ca t1 •gorit's. 
11!!/)U/h cs is 3.-HandrnrnJt'SS of· associatio11 o f partic 11L1r pairs of C'alt-gori1 ·s . :\11 i X i con-
t i11 gc 11 L·;, lahk and Chi-srp1are tf's t an· usc<l ,, itl, ro \\'s and co lumns represe ntin g the 
catt ·gorics . Val11cs of C ;, occ1 1r o n th e principal di ago na l of th e table and C, ,/2 in each 
of th e oili e r ce lls , This table is usccl to test th e attraction or avoidance of members of 
Cllt C category ,,·ith rcgarcl lo other m e mbe rs of th e same or other catego ries . Again bias 
due to a differen tial te nclc n ey lo be in \'Ci lvcd in multiple ca1)tures is · avoided by using 
o nly 11111l!ipl e capt11re data to g<'n erate cx p cctccl va lues. A s ignifi can t Chi-square for this 
t<'sl is interpreted as attrac ti o n or avoidance between 1nembcrs of th e same or differe nt 
ca lC'gor ic,. 
Th e co111p lde analysis m a y l>c , 11rn111arizcd as fir,t comidf'r ing a ll th e caplmes and 
tc,t i11 g ,, l, C'lhcr th e >· arc di, ·id c cl randornly h c·l\\'<'Cn calf'gories. Next, th e captmf's within 
each calcgory nrc divid ed into single and nlllltipk cap tures and tes ted · for differences 
lict11·1·cn th e categor ies in relative frcq1 1c·m·y· of n111ltiple ca ptlll'cs. Finally, only multipl e 
cap t mes arc con s idcrC' cl and lrstccl for randomness o f occurre nce of partners. Actual 
i11tnp rC'l ation o f signi fi ca nt Chi-s<1uarc va lu e's m11.,t h e d one by comparing observed and 
"\!Wdcd va lt lC'S. 
Sup1)ose th e follrn,i11g data li a,·1· bt'cll gatlicrC'c.l "i th t,,o call'gories, mal e ( i = 1) and 
frn1ale ( i = 2) h C'ing rt'C.'<J ,l.! 11 izcd . Ld J\1 = 100. f\~ = 12.0, C:1 = 150, C = .'300, C, 1 = 20, 
c ~ = (:,., = GO, c,".! = :20, T1 = 1.50 , and T~ = -WO . Th(' anal) sis \\ 'Olllcl proceed as follo\\'S: 
J ) .\ r<' the Sl' .\L'S equally trappabl e? 
o l ,,1' 1'\'c ' d 
e \!WCtccl 
male 
:250 
295 
female 
400 
355 
x-, = 12.G I' < < 0 .0 1 
C:011clu:sion: f1 ·111alcs arc more lik e ly lo be trappe d than arc males. 
.... , 
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2) If captured, are the sexes <'<111all y like ly lo Ge involved in multiple captures? 
- ---- ---
si ngle 
multiple 
rnal e 
150 
100 
femal e 
300 
100 
x=i = 16.2 
- -------
p << 0.01 
Concl11sion: a higher proportion of male captures arc multiple than are female captures . 
. '3) Arc pairs in multiple captmes randomly associated? 
--------------------- --- ---
---------
male 
femal e 
male 
20 
30 
female 
30 
20 
x\ = 4.0 P < 0.05 
Conclusion: male-female pairs are caught re lati vely 111circ freq11 e ntly than arc male-male 
or female-female. 
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1977 
January May June July 
No. days of trapping 5 2 4 2 
Males 22±11(7) 30±12(5) 13±5(12) 6 ± 2 (9) 
D Females 19±3(7) 30±22(3) 18 ± 5 (9) 24 ± 11 (5) 
Juveniles 14±4(9) 
Males 53 ± 32 (7) 30±12(5) 25±9(12) 6 ± 2 (9) 
M Females 45 ± 9 (7) 30±22(3) 40 ± 1 7 (9) 24±11(5) 
Juveniles 30±9(9) 
1977 1978 
August December March May 
No. days of trapping 4 5 3 3 
.Males 13 ~ 2 (9) 32±20(7) 8 ± 3 (3) 20±6(3) 
D Fem ales 11±3(8) 12 ± 3 (9) 23 ± 6 (11) 26±9(11) 
Juveniles 9 ± 3 (8) 17±4(7) 
Males 30 ± 7 (9) 84 ± 55 (7) 8 ± 3 (3) 23±7(3) 
M Females 27±9(8) 23 ± 5 (9) 33±7(11) 33 ± 11 (11) 
Juveniles 16 ± 6 (8) 23 ± 3 (7) 
Table 19 Movements for each trapping session. D = mean distance between captures; 
M = maximum distance between captures for each individual. Figures are means ± 
standard errors in m; Nin brackets. 
/. 
1977 
January to May May to June June to July July to August 
40.4 ± 13.6 (4) 23.8 ± 11.3 (10) 34.9 ± 10.5 (15) 18.1 ± 3.8 (15) 
1978 
August to December December to March March to May 
15.6 ± 7 .5 (6) 45.9 ± 34.4 (5.) 30.6 ± 7.4 (16) 
Table 20 Distance between first captures for successive sessions. Figures are means ± standard 
errors in M: N in bracke ts. 
Appendix 1.5 
Movements of R. fuscipes at Mountain Creek 0- Mcllroy, unpublished data) 
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Appendix 1.5 
J. Mcllroy trapped R. fuscipes on a large grid at Mountain Creek in 1974 and 
1977. The grid contained 200 trap stations, each 10 m apart in 1974 arid 15 min 
197 7. The grid can also be considered as 20 parallel trap lines each containing 10 
trap stations. Each station was not, however, trapped on each night. Trap sessions 
lasted four nights. On the first night lines 1, 5, 10, 15 and 20 were trapped, on night 
2 lines 2, 6, 11 and 16 were trapped, and so on. Hence after four nights each station 
on the gr'id had been trapped once. Table 21 summarises the findings on movements 
in various months of the year. 
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1974 
1977 
1974 
1977 
Males 
Females 
Males 
Females 
Males 
Females 
Males 
Females 
l - p< 0.01 
2 
- p<0.05 
3 
- p<0.01 
4 
- p<0.01 
5 November excluded 
April 
31±16(6) 
20 ± 8 (3) 
50±3(3) 
August 
30 ( 1) 
30 ± 0 (2) 
47-±11(4) 
48' ± 13 (5) 
Totals 
May 
25±13(3) 
33±14(3) 
20 ±3 (6) 1 
50±8(7) 
September 
30 ± 0 (2) 
48 ±6 (6) 2 
75±9(3) 
June 
18±8(2) 
35 ± 25 (2) 
60±19(4) 
58 ± 14 (7) 
November 
140 ± 18 (3)3 
34±5 (4) 
1974 28 ± 4 (29)4 
19775 47 ± 4 (53) 
July 
28 ± 1 (4) 
30 ( 1) 
45 ± 26 (3) 
33±10(5) 
Total 
28±6(18) 
29±5(11) 
54 ± 8 (26) 
49 ± 4 (34) 
Table 21 Mean maximum distances between captures for each individual at Mountain Creek. 
Information from J. Mcllroy (unpublished data). Four days trapping in each case . 
. Figures are means ± standard errors in m; N in brackets. · 
Trap distance between sites= 10 min 1974 and 15 min 1977. 
Probabilities refer tot-tests between sexes (1 to 3) and between years (4). 
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Relationship between M and the number of captures 
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Figure 36: Relationship between Mand the number of captures. M = maximum distanc e 
between captures for each individual. •=males; A= females. Solid line shows 
weak correlation (r = 0.32) but the regression is fairly strong (p < 0.001; 
t - test). 
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Instruments and accuracy of measurement 
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Appendix 2.1 
The accuracy and relevance of measurements is a topic of ten ignored.Jewell and 
Fullagar (1966) t and Fu1ler2 (1977) outline some problems. In this study, I made 
all measurements myself and used the same instrum~nt for every measurement of a 
particular variate. All balances were calibrated at the beginning of the study. Hence 
the mea urements should be consistent. Attention was also paid to the degree of 
accuracy required and to the accuracy of the instrument. Table 22 lists the balances 
used. 
In the field, body weights of live rats and of the fr<:>shly killed body composition 
samples were weighed to the nearest 1 g on balance (5 ). Monthly body weights of 
the two experimental populations kept in Canberra were also taken to 1 g on 
balance ( 4). All carcase weights and carcase lipid were measured to the nearest 0.1 g 
on (3). Liver weights were taken to 0.01 g on (2). Testes, eye lenses, spleen, heart, 
adrenals, hair and skin weights were taken to 1 mg on (1). 
Total body length and tail length were measured to the nearest 5 mm with a steel 
ruler. This is a fairly gross measurement but avoids the objections raised by Jewell 
and Fullagar ( 1966) to more precise measurements. Head length was measured to 
the nearest 0.1 mm with Mitutoyo No. 505-633 calipers, as mentioned (3.2.3). 
Although this is within the limits of accuracy of the instrument, further comment is 
required. The head lengths of dead animals, from the samples for analysis of body 
composition, coul,d be measured accurately, whereas live animals under anaesthesia 
could be measured consistently only to about 0.3 mm. Thus head length measure-
ments of live rats, although apparently measured to 0.1 mm, exhibit more variance 
than those for dead rats. 
t Jewell P.A. and Fullagar P.J. 1966 Body measurements of small mammals: 
sources of error and anatomical changes. J. Zool., Land. 150:501-509. 
2 Fuller \Al.A. 1977b see references: 
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.---N 0. Make Type 
1* Mettler MS 
2 Mettler II5 
3 Sartorius 1104 
4 Mettler K4T 
5 Pesola Spring 
* Kept at a constant temperature of 20°C. 
Table 22 Balances used in study. 
t\1aximum Accuracy 
Weight 
20 g 0.001 mg 
160 g 0.5 mg 
1 Kg 0.01 g 
4 Kg 0.2 g 
300 g 1 g 
.. 
l'I 
I 
i 
i" 
! 
I 
n 
,' 
II 
Appendix 2.2 
Body measurements in summer and winter; and differences between sexes 
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Summer Winter 
No. of rats 32 61 
Total body length (mm) 294. 7 28 7 .3 
Tail length (mm) 141. 7 141.2 
Head length (mm) 43.2 43.0 
Eye lens weight (mg) 63.0* 52.6 
Testes weight (mg) 3512.3 23 7.9 
Body weight (g) 109. 7 99.2 
Carcase (wet) (g) 42 .9 3 7.5 
Carcase (dry) (g) 12.8 12.3 
Carcase lipid (g) 1.62 2.84 
Lipid free dry carcase (g) 11.8 9.4 
Carcase water (g) 30.1 25.3 
Liver water (g) 4.86 3. 75 
Skin (mg) 448.7 329.6 
llair (mg) 390.1 547.4 
Skin + Hair (mg) 842.4 878.1 
Liver (wet) (g) 6.70 5.24 
Liver (dry) (g) 1.84 1.45 
Heart (mg) 668.9 567.4 
Spleen (mg) 24 7.5 152.3 
Adrenals ( mg) 47.0 34.6 
Interscapular BAT (mg) 182.2 238.6 
Total BAT (mg) 283.2 350.0 
Lipid-free dry BAT (mg) 42.1 48.2 
* N= 18 
Table 23 Body measurements in summer and winter. 
p< 
0.00·1 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.01 
0.05 
Figures are age-corrected means. Head length and eye lens weight not corrected. 
Probabilities refer to one-way analyses of variance, be tween seasons. 
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Summer Winter p< 
Adrenals {mg) Males 38.7 {18) 29.5 {31) _ 0.001 
Females 57.8 {14) 39.7(30) 0.001 
Carcase Males 31.2 {18) 25.3(31) 0.001 
water (g) Females 28.7 {14) 25.3 {30) 0.05 
In terscapular Males 201.0 (18) 249.2 {31) (p = 0.06) 
BAT (mg) Females 157.8 (14) 227.4(30) 0.05 
Total Males 313.1 (18) 360.7 (31) (p = 0.20) 
BAT(mg) Females 238.4 (14) 339.0 (30) 0.05 
Lipid-free Males 46.2 (18) 47.9 (31) (p=0.71) 
dry BAT {mg) Females 33.8 {14) 48.8 (30) 0.01 
Table 24 Weights of adrenals, carcase water and BAT for males and females, in summer and winter. 
Figures are age-corrected means; Nin brackets. Probabilities refer to one-way analyses of 
variance, between seasons. 
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Appendix 3.1 
Daily activity in the plus-mazes summer and winter, as recorded by the mechanical 
counters 
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Visits 
A 
B 
----
C u 
0 D N 
N Total ____. 
>< 
0.. Duration 
;:) 
0 A ~ 
CJ B 
C 
D 
Total 
Visits 
A 
----
B 
.... 
C C 
QJ 
.D D 
E 
C'd Total 
____. 
>- Duration 
0.. A ;:) 
0 B ~ CJ C 
D 
Total 
Table 25 
Summer Winter 
Mean & s. e. N Mean & s. e. p< 
45.1 ± 12.3 17 57.5 ± 20.4 
32.6 ± 5.5 1 7 41.1 ± 14.6 
44.5 ± 10.4 1 7 26.5 ± 5.8 0.05 
25.3 ± 3.7 1 7 1 7. 7 ± 2.7 0.05 
147 .2 ± 29.7 1 7 142.8 ± 42.6 
85 .5 ± 5.9 15 89.4 ± 12.8 
44.5 ± 22.2 13 35.6 ! 7.6 
108.4 ± 29.8 16 27.5 ± 8.2 0 .01 
45.8 ± 11.4 17 12 .8 ± 2.3 0.001 
303.6 ± 47.3 11 1 71.2 ± 12.4 0.05 
81.0 ± 6.2 52 105.6'± 16 .3 
77.9 ± 7.6 53 65.5 ± 5.5 0.01 
86 .6 ± 8.6 52 4 7 .0 ± 3.9 0.01 X 10 - 2 
52.2 ± 4.6 52 48.6 ± 5.6 
290.3 ± 19 .9 50 254.1 ± 21.0 0.05 
121.6 ± 11.8 47 156.1± l 7 .0 0.01 
105 .3 ± 12.6 42 86.1 ± I 0.2 
110 .4 ± 18.3 38 64.1 ± 1 7 .2 0.05 
60.9 ± 10.6 39 31.4 :t 4.4 0.01 
399.3 ± 31.1 23 354.3 ± 36.5 
Daily activity in the plus-mazes, summer and winter at 22°C. 
A= food arm, B = water arm, C and D = empty arms. 
Probabilities refer to Wilcoxon matched pairs signed ranks tests, between seasons . 
N is rat days. 
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Visits 
A 
B 
C 
D 
Totals 
Duration 
A 
B 
C 
D 
Totals 
Visits 
A 
B 
C 
0 
Totals 
Duration 
A 
B 
C 
D 
Totals 
p< 
0.01 X 10 - 3 
0.01 X 10-3 
0.01 
0.001 
0.01 X 10 - 3 
0.01 
0.05 
0.01 X 10 - 3 
0.01 X 10- 3 
0.001 
0.01 X 10 - 3 
0.01 X 10- 3 
0.001 
0.05 
0.01 
Table 26 Daily activity in the plus-mazes: Group X (22°C) versus Group Y (ambient}. 
A= food arm, B = water arm, C and D = empty arms. Probabilities refer to Mann-
Whitney U tests, between groups. Means± standard errors and N are given in table 25. 
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Appendix 4.1 
Errata 
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Appendix 4.1 
Typographical er,:ors 
1. p.58 Belding et al. ( 194 7). Is not given in references. Full reference should be: 
Belding H.S., Russell H.D., Darling R.C., Folk G.E. 194 7 Thermal responses and 
efficiency of sweating when men are dressed in arctic clothing and exposed to 
extreme cold. Am. J. Physiol. 149:204-222. 
2. p.102 and p.122 Fletcher H.L., 'University of Armidale' should read 'University 
of New England'. 
3. p.19 equation 10. Typographical error '+ l' should be subscripted: fx+ 1 
4. p.109 Schmidt-Nielsen (1972). Typographical error 'Canbridge' should be 
Cambridge. 
5. p.28 para. 2 line 4 should read "(the exception was cohort (1) females)". 
6. p.29 3.3.8 line 5 · should read "cohorts ( 0) and {l)". 
7. p.35 4.1.4. para 1 line 2 Bligh not Blight. 
8. p.42 para. 3 line 5 January should be February 
9. p.52 para. 2 line 11 effect not effort. 
10. p.67 4.3.8 line 3 carcase not cracase. 
11. p. 7 5 5. 1.2 line 2 cage not case. 
12. p.81 para. 4 line 2 insert "in summer" in the phrase "except for the fewer 
visits to the water arm (B) by group X in summer." 
13. p.90 para. 1 line 8 to not too. 
14. p.90 para 4 constant not conant. 
15. p. 96 para. 5 mammals "s" missing 
16. figs 18 and 20 lin·e between February and May should be broken not solid. 
Other suggestions 
1. p.21 line 4 after " ... other rats for 48h." insert the following: "The choice 
of 48 h was arbitrary, though based on my experience of trapping bush rats and 
on suggestions from the work of others ( e.g. Boonstra and Krebs, 19 76). Traps 
were not washed until the end of each trapping session." 
2. p:33 last line "(iii) Rats moved about less in winter." should continue " ... 
less in winter, but the finding was influenced mainly by the dispersal of males in 
the breeding season. Other more exhaustive studies ( quoted above) generally find 
less movernent in winter, but more important is that large moven1ents do not 
occur in winter, that is, dispersal is low." 
3. p.4 7 para. 2 line 7 after " ... source of potential food." insert the following: 
"The other 4 species were not common enough to provide the major portion of 
the diet." 
4. Table 12 caption after " ... were -also sampled" insert: "in August". 
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